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Abstract 
Nanoporous carbons including the well-shaped carbon nanotubes (CNTs) and the amorphous 
carbons, activated carbon fiber-15 (ACF-15) and silicon carbide derived carbon (SiC-DC) have 
been investigated regarding CO2 separation in this study, in order to reveal the performance of 
CNTs in separating CO2 from flue/natural gas relative to conventional amorphous carbons. A full 
understanding of the performance of CNTs in separation of CO2 requests fundamental knowledge 
of the adsorption and diffusion of sorbates in the CNTs. Since both flue and natural gases are 
saturated with water, and the carbons will be wetted in the humid separation environment, a 
thorough investigation of the effect of water vapour and pre-adsorbed water on the adsorption of 
CO2 and CO2/CH4 and CO2/N2 mixtures in the CNTs and amorphous carbons is vital to determine 
the potential of CNTs on CO2 separation. On the other hand, the diffusion of sorbates through the 
CNT has to overcome the interfacial barriers located at the entrance and exit of the CNT, which 
drag down the transport diffusion of sorbates dramatically, 2-3 orders of magnitude observed in this 
study, compared to the diffusion in the infinitely long CNT. As there lacks a feasible and effective 
method to quantitatively measure the interfacial barriers and its relative importance to the overall 
diffusion resistance, a novel equilibrium molecular dynamics (EMD) simulation method is proposed 
in this study and employed to measure the interfacial barriers for methane at the entrance and exit of 
the CNTs.  
Initially, the adsorption of CO2 in different sizes of CNTs with and without pre-adsorbed water is 
studied using grand canonical Monte Carlo simulations (GCMC). It is found while the adsorption 
capacity shows strong dependency on the diameter of the CNT, the chirality of the CNT has 
negligible impact on the adsorption of CO2. Meanwhile, due to the strong hydrogen-bonding, pre-
adsorbed water molecules form clusters during the adsorption of CO2. It is intriguing to observe that 
the water clusters are split into smaller ones by the enhanced adsorption of CO2 at high pressures, 
and this splitting effect in turn enhances the adsorption of CO2 in the CNT, which is because those 
split smaller water clusters distribute in the CNT, further facilitating the water-CO2 interactions.    
Further, the adsorption of CO2/CH4 and CO2/N2 mixtures in the CNTs, CNT bundles and the 
amorphous carbons, in the presence of water vapour and pre-adsorbed water clusters is studied. At 
first, negligible adsorption of water vapour was observed in the carbons considered, both for the 
CO2/CH4/H2O and CO2/N2/H2O ternary mixtures saturated water. For the CO2/CH4/H2O ternary 
mixture, pre-adsorbed water clusters in the carbons attract the water vapour molecules to adsorb on 
them, leading to noticeable adsorption of water in the CNTs and amorphous carbons, which reduces 
the adsorption of CO2 and CH4. Nevertheless, the enhanced additional water-adsorbate (CO2+CH4) 
interactions prompt the adsorption of CO2 over CH4 and hence facilitate the selectivity of CO2/CH4 
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with respect to the case without pre-adsorbed water clusters. Among a wide range of diameters of 
the CNTs, the (7, 7) CNT having a diameter of 0.95 nm possesses the best performance in 
separating CO2 from the flue and natural gases, both achieving maxima of the adsorption of CO2 
and the selectivity of CO2 in it at 1.0 bar and room temperature. In addition, 0.335 nm is the 
optimized intertube distance for the (7, 7) CNT bundles to separate CO2 from flue gas. Nevertheless, 
the performances of the CNT and CNT bundle are remarkably superior in comparison to the ACF-
15 and SiC-DC at atmospheric pressure and ambient temperature.   
Under the effect of the dominant interfacial barriers, the transport diffusivity of methane in the short 
finite CNTs with the lengths up to 100 nm demonstrates strong dependency on the length of the 
CNTs, and is generally 2~3 orders of magnitude lower than that in the cases neglecting the 
interfacial barriers. Further, the diffusion of the fluid in the central region of the CNT is found to be 
correlated to that at the interfaces. Subsequently, it is observed the interfacial regions extend their 
interfaces to distances more than 50 nm inside the CNT, and the calculated interfacial barriers 
demonstrate strong dependency on the length of the CNTs. In non-equilibrium molecular dynamics 
simulations (NEMD), increasing the net flux will increase the heat to release/supply at the 
entrance/exit of the CNTs, in accord with the exothermic/endothermic nature of the 
adsorption/desorption processes occurring at the interfaces. In this regard, a temperature gradient is 
subsequently generated inside the CNT when the net flux is non-zero, which in turn facilitates the 
diffusion of fluid through the CNT and produce larger transport diffusivities of methane in the finite 
CNTs compared to the results from EMD method. Nevertheless, our EMD method is readily 
applied for any nanoporous material regarding the quantitative estimation of the interfacial barriers. 
In summary, this study has developed fundament knowledge of the adsorption separation of CO2 
from flue/natural gas using CNTs, involving the impact of water vapour and pre-adsorbed water 
clusters. It is seen that CNTs have better performance than conventional activated carbons in this 
application. Further, a novel EMD method is proposed to tackle the big challenge of accurately 
describing the effect of the interfacial barriers on determining the transport diffusion of gas 
molecules through the short CNTs. The success of this EMD method, and the results obtained, will 
influence the future design and fabrication of CNT based membranes. 
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1 Introduction  
1.1. Background 
The escalating level of atmospheric carbon dioxide which has increased by 100 ppm since the start 
of the industrial revolution (from 280 ppm in 1800 to 390 ppm in 2010) represents one of the 
primary environmental issues facing humanity [1, 2]. The main source of CO2 emission is fossil 
fuel combustion in power plants, particularly in coal-fired power plants [3]. Flue gases generated by 
current power plants are mixtures of N2 (70-75%), CO2 (15-16%), H2O (5-7%), O2 (3-4%), and 
trace amounts of SOx and NOX [4, 5]. On the other hand, CO2 is produced from oil and coal after 
combustion at a rate approximately 1.4 to 1.75 times higher than the production from natural gas [6]. 
Thus, natural gas has become one of the most attractive clean fuels, and currently accounts for one 
quarter of world’s energy consumption [7]. Natural gases found in reservoirs are not pure methane, 
but generally constitute of hydrocarbons as well as contaminating compounds of CO2 (5-50%), N2 
(1-25%), saturated water, He, H2S and etc. [8]. CO2 is hence one of the major contaminates of flue 
gas and natural gas that has to be removed, for the purposes of stabilizing the atmospheric CO2 at a 
level that could minimize the impact on the global climate as well as enhancing the energy content 
of natural gas and eliminate the corrosion in pipelines in the presence of water. Among a variety of 
CO2 separation technologies, such as absorption, adsorption, cryogenic, membrane and micro algal 
bio-fixation, membrane based separation technologies have been shown to be a competitive and 
promising solution, attributed to the low energy requirements, easy and high recovery of products 
and less environmental impact [9]. Consequently, finding a good membrane material for CO2 
separation is of great significance for purifying natural gas and reducing the emission of CO2.   
Immediately as the single-walled carbon nanotubes (SWNTs) were discovered, they have been 
demonstrated to possess unique electronic, mechanical, and structure properties due to their thermal 
and chemical stability [10, 11]. Particularly, the high specific surface area of carbon nanotubes 
(CNTs), exceeding 1000 m2/g, gives them intrinsic advantages for CO2 adsorption. Albeit the 
interactions exerted by the wall on gas molecules in activated carbons are generally mild compared 
with zeolites and metal organic frames (MOFs), demonstrating moderate adsorption capacities and 
selectivities of CO2/N2 and CO2/CH4 mixtures at low pressures and ambient temperature [9, 12, 13], 
the high carbon density and wall curvature otherwise makes carbon nanotubes attractive for 
separating CO2 from flue/natural gas at low pressures, as a consequence of significantly enhanced 
interactions of gas molecules with the carbon wall [14]. Additionally, at high pressures, the 
adsorption capacities of carbons are generally larger than the zeolites and MOFs due to the larger 
available adsorption volume [12]. In this regard, understanding and determining the optimized 
performance of carbon nanotubes in separating of CO2 from CO2/N2 and CO2/CH4 with respect to 
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amorphous activated carbons, for instance activated carbon fiber 15 (ACF-15) [15] and silicon 
carbide derived carbon (SiC-DC) [16], can fully reveal the potential of carbon nanotubes regarding 
this practice. Nevertheless, water is always involved in the procedures of separating CO2 from flue 
gas and natural gas, either in the form of vapour phase in the gas phase or pre-loaded water clusters 
driven in by a pressure gradient in the adsorbent. Numerous studies have shown that water has 
diverse and significant influences on the adsorption of pure CO2 and CO2/N2 and CO2/CH4 mixtures 
in MOFs [17-19] and zeolites [20, 21], demonstrating positive effect as a consequence of the 
additional strong water-adsorbates interactions or negative effect due to the competitive adsorption 
between water and other weak adsorbates resulting in a significant loss of available adsorption 
volume. Therefore, for hydrophobic carbon nanotubes and amorphous carbons, a thorough 
exploration of the effect of water on the equilibrium adsorption of pure CO2 and CO2/N2 and 
CO2/CH4 mixtures is required and of great significance.  
On the other hand, the dynamics is another determining factor for the performance of CNTs in CO2 
separation. In practice, the diffusion of a gas molecule through the CNT comprises three 
contributions:  entrance to the pore, intracrystalline diffusion, and exit from the pore, associated 
with overcoming the interfacial barriers located at the entrance and exit interfaces, which arise from 
the energy and entropy changes at the interfaces, and the intracrystalline resistance, which largely 
arises from the collisions of gas molecules with the carbon wall [22, 23]. Previous experiments and 
molecular simulations demonstrated the flow rate of liquid fluid in CNTs could be orders of 
magnitude faster than that predicted from traditional continuum theory [24-26], and the transport 
diffusivities of light gases could be 2-3 orders of magnitude higher than zeolites, attributed to the 
smooth and nearly frictionless surface texture of carbon wall [27-29]. Those experiments were 
conducted for the carbon nanotubes in the lengths of at least several micrometers and molecular 
simulations were run for infinitely long CNTs by using periodic boundary conditions, where the 
effect of interfacial barriers is negligible. Nevertheless, for short carbon nanotubes in the length 
range of several nanometers to hundreds of nanometer, the interfacial barriers are likely to play a 
rather important role in determining the overall diffusivities of gas molecules in the CNTs, and the 
corresponding transport diffusivities may significantly deviate from that of infinitely long CNTs [30, 
31]. As molecular simulations can detect the behaviour of molecules at the interfaces and inside the 
nanopores explicitly, dual-control volume grand canonical molecular dynamics simulations (DCV-
GCMD) and an equilibrium molecular dynamics simulation method (EMD) were used to estimate 
the importance of interfacial barriers for carbon nanotubes and zeolites [22, 23, 30-34]. However, 
existing techniques always involve unjustified approximations or are specific to low loadings or 
very small driving forces or requiring unreasonable high computational expense. In this regard, 
proposing a new molecular simulation method for quantitatively estimating the importance of 
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interfacial barriers at the interfaces and accurately calculating the overall transport diffusivities of 
gas molecules in the CNT is critical to fully unveiling the dynamics of gas molecules in the CNTs. 
In this project a new EMD method is proposed to realize this target without carrying any 
assumptions, and is readily to extend to all the ranges of loadings and driving forces and all kinds of 
nanoporous materials. 
1.2. Objectives  
Understanding the equilibrium adsorption and the interfacial and intracrystalline dynamics of 
adsorptive molecules in CNTs is vital to accurately estimate the performance of CNTs on CO2 
separation from flue/natural gas. Hitherto, there are always technical challenges in conducting 
experiments for the measurement of multicomponent adsorption in nano pores, and it is impossible 
to prepare carbon nanotubes with uniform pore sizes and perfect structure in the length of 1-100 nm. 
Molecular simulation methods, such as grand canonical Monte Carlo simulation (GCMC), provide 
an efficient and rigorous alternative to investigate the multicomponent adsorption in all kinds of 
nano pores by explicitly considering the intermolecular and pore-wall interactions. In addition, 
classical molecular dynamics simulation (MD) can also provide the insight on the behaviour of 
adsorptive molecules located at the interfaces and inside a CNT, which has been widely used to 
calculate the transport diffusivities of gases in zeolites, MOFs and carbons.  To sum up, while the 
GCMC simulations are adopted to investigate the equilibrium adsorption properties of pure CO2 
and CO2/N2 and CO2/CH4 mixtures while considering the effect of water, the MD simulations are 
implemented to look into the interfacial and intracrystalline dynamics in a CNT. 
Sequentially, we first adopted the GCMC simulations to investigate the adsorption of pure CO2 in 
different sizes of carbon nanotubes to detect the adsorption capacities of CNTs for CO2, and the 
effect of diameter size and chirality of CNT on the adsorption of CO2. As the adsorption generally 
is operated in a humid environment, different amounts of water molecules are loaded in the CNT to 
unveil the effect of pre-adsorbed water on the adsorption of pure CO2. The water molecules are 
present in the form of water clusters due to the strong hydrogen bonding. However, as the bulk 
pressure is increased, the amount of CO2 adsorbed increases, and the interplay between water and 
CO2 consequently becomes more comparable to the water-water internal interactions. This non-
trivial relationship between the water-water and water-CO2 interactions in turn affects the 
adsorption of CO2. A detailed investigation on these novel phenomena is included in this thesis. As 
carbon nanotubes demonstrate good adsorption performance for CO2 for a wide range of pressures, 
both in the absence and presence of water, it is important to reveal their optimized separation 
performance relative to these amorphous carbons, including the ACF-15 and SiC-DC which possess 
completely disordered structures. The adsorption is investigated for a wide range of compositions of 
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CO2/CH4 and CO2/N2 mixtures in a bundle of CNTs with diameters ranging from 0.81 nm to 2.03 
nm and disordered structures of ACF-15 and SiC-DC. It is worth noting that there always exists a 
critic diameter of isolated single CNT to simultaneously achieve the maximum adsorption of CO2 
and maximum selectivities of CO2 over CH4 and CO2 over N2, for a specific composition. Therefore, 
it is rather intriguing to see how superior this optimized adsorption and selectivity for CO2 is 
relative to the amorphous carbons. Meanwhile, we also shed the light on how the disordered 
structure affects the adsorption of CO2/CH4 and CO2/N2 mixtures in amorphous activated carbons.  
Our further purpose is to investigate the application of CNTs in separating CO2 from CO2/N2 and 
CO2/CH4 mixtures saturated with water component. Due to the hydrophobic nature of carbons, it is 
important to understand at what partial pressure the adsorption of component of water vapor in 
different sizes of carbon nanotubes become noticeable, and the counterpart pressures for disordered 
carbons, ACF-15 and SiC-DC. Subsequently, we can look into the effect of saturated water vapor 
on the adsorption and separation of CO2/CH4 and CO2/N2 mixtures with different compositions in 
different carbons. However, in a humid environment, these pre-loaded water clusters will serve as 
effective activated sites to attract the water vapor to adsorb on, which will induce noticeable 
adsorption of water vapor in carbons at a relatively low pressure and further block the adsorption of 
components CO2, CH4 and N2. In this case, it is critical and practical to evaluate the adsorption and 
separation of CO2/CH4 mixture saturated with water in CNTs in a wetted carbon nanotube and 
amorphous carbons, and to do the comparison between the performances of the CNT with critical 
diameter and the amorphous carbons, at atmospheric pressure and ambient temperature. When the 
individual CNTs are assembled into bundles, the intertube distance between two adjacent CNTs is 
also a critical factor that determines the performance of CNT membranes in CO2 separation, which 
is hence also considered and investigated in this study regarding the separation of CO2 from flue gas.    
Eventually, a novel EMD method is proposed to quantitatively calculate the interfacial barriers for 
carbon nanotubes with the lengths ranging from 10 to 100 nm to see the role of interfacial 
resistances on determining the effective transport diffusivities of methane in carbon nanotubes, and 
the dependency of the transport diffusivity on the length of CNT. This method is further validated 
against a gravity-driven non-equilibrium molecular dynamics simulation (NEMD) method [35, 36] 
to confirm its feasibility and reliability. Subsequently, the dynamics of CNT is comprehensively 
estimated, including the interfacial resistance, which has never been done in literature. The proposal 
of this new method is one of the highlights of this thesis.  
 
 
5 
 
1.3. Structure of This Thesis 
This thesis is constructed into 8 chapters, with 3 chapters being based on the peer-reviewed 
publications accomplished throughout my Ph.D. studies of the candidate. Nevertheless, the journal 
papers and the remaining content are assembled in a logical and consistent sequence. A brief 
description about each chapter is given below: 
Chapter 1 Introduction 
This chapter demonstrates the academic and practical significance of conducting this research 
project and the gap and shortages facing the current studies. The goals and scope of this project are 
also reviewed in this chapter as well as the utilized methodologies. A brief outlines of this thesis is 
given in this chapter to direct the structure of this thesis.  
Chapter 2 Literature Review 
In this chapter, a detailed introduction to the current and previous studies related to this project is 
provided. The benefits of those relevant studies to this project are discussed as well as the 
drawbacks that limiting their application to my study, subsequently leading to the solutions for the 
specific topics in this project.   
Chapter 3 Molecular simulation of CO2 adsorption in the presence of water in single-walled 
carbon nanotubes 
Chapter 3 reveals the adsorption capacity of CNTs for CO2, associated with discussing the effect of 
pore size and the chirality on the adsorption of CO2. A further step is also made in this chapter to 
examine the interplay of CO2 and pre-loaded water clusters inside the CNT. The non-trivial effect 
of pre-loaded water on the adsorption of CO2 in CNTs is presented in this chapter.  
Chapter 4 Adsorption of CH4 and CH4/CO2 mixtures in carbon nanotubes and disordered 
carbons: A molecular simulation study 
Chapter 4 reveals the potential of CNTs on CO2 separation from CH4/CO2 mixtures with different 
compositions, relative to the amorphous carbons, ACF-15 and SiC-CD. A critical size of CNT is 
discovered to achieve the maximum adsorption and selectivity of CO2, which is shown to be far 
superior compared to those of ACF-15 and SiC-DC. The role of disordered nature of activated 
carbon on determining adsorptive properties is also discussed in this chapter.  
Chapter 5 Impact of H2O on CO2 separation from natural gas: comparison of carbon 
nanotubes and disordered carbon  
6 
 
In this chapter, an intrinsic advantage of hydrophobic CNTs and amorphous carbons ACF-15 and 
SiC-DC is demonstrated that the saturated water component in CO2/CH4/H2O only shows negligible 
adsorption in these carbons for the pressure up to 3 MPa. In this regard, water vapor does not have 
significant influence on CO2 separation from natural gas. However, for pre-wetted carbons, 
effective actives sites, pre-loaded water clusters enhance the adsorption of water vapor significantly, 
which in turn affect the adsorption and separation of CO2. A thorough discussion regarding these 
phenomena is provided in this chapter.  
Chapter 6 Molecular simulation of CO2 separation from flue gas in carbon nanotubes and 
carbon nanotube bundles 
Following chapter 5, a comprehensive study of the effect of water vapor on the adsorption of 
components CO2 and N2 for CO2/N2/H2O mixture saturated with water is conducted. Unlike the 
tetrahedral methane, the structure of linear nitrogen molecules is similar to CO2, which may benefit 
the adsorption of nitrogen in CNTs from an entropic perspective. The typical mole ratio of nitrogen 
to carbon dioxide is different from that of methane to carbon dioxide in natural gas. Therefore, the 
performance of CNTs in separating CO2 from flue gas in the presence of water is discussed in this 
chapter, and compared to that of the SiC-DC and hexagonal CNT bundles. In addition, the 
optimized intertube distance for fabricating the single CNT into bundles to separate CO2 is 
determined in this chapter.   
Chapter 7 Interfacial resistance and length-dependent transport diffusivities of CH4 in CNTs 
This chapter firstly demonstrates the derivation of a novel EMD method to quantitatively estimate 
the interfacial barriers and size dependent transport diffusivities of CH4 in the finite short CNTs, 
which is also confirmed by the gravity-driven NEMD [37]. Further, a serial of results quantitatively 
demonstrate the magnitude of the interfacial resistance that collectively accounts for the entrance 
and exit interfacial barriers and its relative importance to the overall resistance, accurate 
dependency of the transport diffusivities of CH4 on the length of finite short CNTs and how much 
the deviation could be between the transport diffusivities in a short finite CNT and in an infinitely 
long CNT.  
Chapter 8 Conclusions and perspectives  
Chapter 8 explains contributions of the current Ph.D. thesis to the field by summarizing the most 
important findings of this study. Further investigations, as well as directions for the future studies 
are also recommended in this chapter. 
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2 Literature Review 
2.1. Carbon Nanotubes and Amorphous Carbons 
The original discovered fullerene carbon nanotubes (CNTs) were referred as multi-wall nanotubes 
(MWNT) by Iijima [1], but later the single-walled carbon nanotubes (SWCNs) were discovered as 
well. Immediately as the SWNTs were discovered, they have been demonstrated to possess unique 
electronic, mechanical, and structure properties due to their thermal and chemical stability [2]. In 
addition, the high specific surface area of CNTs, exceeding 1000 m2/g, gives them intrinsic 
advantages for CO2 capture.  
  
Figure 2-1. Schematic of wrapping a graphene into a SWNT. Taken from Alexiadis and Kassions 
[3].  
The structure of the SWNT can be imagined as the virtually wrapping a graphene into a seamless 
cylinder. Demonstrated in the gray area of Figure 2-1, if we roll this square honeycomb region 
along the vector, T , the final circumference of the CNT is given by the vector hC . The way of 
wrapping this graphene is described by a pair of indices (n, m) called the chiral vector. Both 
variables n and m are integers, and denote the number of unit vector along two directions 1a  and 
2a , shown Figure 2-1. In the case of m=0, the nanotubes are called zigzag. If n=m, they are called 
armchair. Otherwise, they are called chiral nanotubes. More specifically, the diameter size, CNTd , 
and the chiral angle,  , of a nanotube are determined by the chiral vector, given by 
 
 
1/2
2 23
3
arctan
2
CNT
n m nm
d a
m
m n


  
 


 
     
 (2-1) 
where 0.1421a  nm is the bond distance between two carbon atoms. For the purpose of membrane 
manufacturing, SWNTs and MWNTs are normally made by carbon-arc discharge, laser ablation of 
carbon, or chemical vapor deposition (CVD) [2], and the CNT membranes [2] can be classified into 
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two major categories according to the fabrication methods: vertical CNT membranes (VA-CNT), 
and mixed (composite) CNT membranes (M-CNT). For VA-CNT membranes, nanotubes are 
arranged straight up and perpendicular to the membrane surface, and separated by organic or 
inorganic filler material. For the mixed-CNT membranes, carbon nanotubes distributed randomly, 
lying on the top of the layer of polymers. To visualize the structure of the CNT membranes, 
conceptual structures of the VA-CNT and M-CNT are demonstrated in Figure 2-2. 
 
Figure 2-2. Conceptual structures of two typical types of CNT membranes: (a) Vertically aligned 
CNT membranes and (b) mixed composite CNT membranes.  
Experiments and simulations have revealed CNTs to have extraordinary high permeabilities for gas 
and liquids. The first experimental confirmation of the high permeability for CNTs was conducted 
by Hinds et al. [4], who measured the permeability of N2 in aligned MWNT membranes. Later in 
Majumder et al.’s work [5], aligned carbon nanotubes with less than 2 nm diameter were used to 
confirmed the fast flow of liquid, which has been shown that the flux was 4 to 5 orders higher than 
that predicted by conventional fluid-flow theories. Holt et al. [6] grew vertically aligned double-
wall CNT membranes with small pores (~1.6 nm) on a silicon wafer via CVD method. They 
observed the gas flow exceeded the predictions of the Knudsen diffusion model by more than one 
order of magnitude. On the other hand, the fast transport properties of light gases, such as CO2, CH4, 
and N2 through CNTs have been predicted using molecular simulations by Sholl et al. [7-9]. Apart 
from the superior transport properties, the high equilibrium selectivities of CO2/N2, CO2/O2 and 
CO2/CH4 for CNTs have also been observed in simulations and experiments [10-12]. Newsome and 
Sholl also showed the high permeate selectivity of CNTs for CH4 over H2 [13]. Thus fabricating the 
CNTs into membranes will provide a promising and effective solution to achieve the high 
performance of separating CO2 from flue gas and natural gas.  
Activated carbons have long been studied as promising materials for CO2 capture and separation 
from gas mixtures, due to their high surface area, finely-tuneable pore size distribution and 
economical production [14-15]. In this project two types of disordered nanoporous carbons, 
activated carbon fiber (ACF-15) and silicon carbide derived carbon (SiC-DC), having distinctly 
different structures, are also investigated to reveal the potential of the CNTs in separating CO2 from 
flue/natural gases [14-15]. For the ACF-15, the experimental material was an ACC-5092-15 
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activated carbon fiber, provided by Kynol Corporation [14]. The SiC-DC was synthesised in our 
laboratory by oxidation of a SiC  precursor in a pure chlorine atmosphere at 1073K. The 
disordered nature of the ACF-15 and SiC-DC was confirmed by the results from X-ray diffraction 
and high-resolution transmission electron microscopy (HRTEM) characterization [15]. The 
atomistic structures for both disordered carbons were further modelled in our laboratory using 
hybrid reverse Monte Carlo (HRMC) simulations [14, 15]. The atomistic configurations of ACF-15 
and SiC-DC are illustrated in Figure 2-3 (a) and (b). In addition, the geometric pore size 
distributions of these two amorphous carbons are measured using the method proposed by Gelb and 
Gubbins [16] and depicted in Figure 2-3(c). The reconstructed atomistic structures for ACF-15 and 
SiC-DC have been validated by comparing the adsorption of Ar, CO2, and CH4 against 
experimental data over a wide range of temperature and pressure [14, 15, 17]. By investigating the 
adsorption properties of CO2 and CO2/N2 and CO2/CH4 mixtures in amorphous carbons in the 
presence and absence of moisture, the feasibility and performance of CNTs in CO2 separation can 
be more intuitively revealed.  
 
Figure 2-3. Atomistic configurations of (a) ACF-15, (b) SiC-DC, and (c) the pore size distribution 
of these two amorphous carbons.  
2.2. Equilibrium Adsorption 
To understand the adsorption processes, the equilibrium adsorption information must be reviewed, 
shedding the light on the mechanism of adsorption. In experiments, the adsorption isotherms are 
generally fitted by the empirical equations, which are derived from the Langmuir equation and the 
vacancy solution theory. Thus some frequently used Langmuir type empirical equations and 
vacancy solution equations are first reviewed, demonstrating alternative ways of studying the 
adsorption of CO2 in CNTs and activated carbons, and providing reference information for 
validating the results of simulations.  
In practical CO2 separation processes, mixtures of CO2, N2, and CH4 in the presence water are 
generally involved. So the information of multicomponent adsorption equilibria is essential in 
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designing practical CO2 separation processes. When there are more than one species being 
considered, the interactions between different species make the adsorption process more 
complicated, resulting in the inaccuracy of the Langmuir empirical equations. However, the ideal 
adsorbed solution theory (IAST) was then developed to capture the adsorption of multiple species 
based on fitting the isotherms of pure components. In addition, as pointed out by Cracknell and 
Nicholson [18], using the absolute adsorbed amounts in the IAST gives more reasonable fitting 
results, otherwise adopting the excess adsorbed amounts may even yield large discrepancies. In this 
regard, grand canonical Monte Carlo (GCMC) simulations shows the intrinsic advantages for 
investigating the complicated systems involving more than two or three components, which states 
that GCMC simulations is the most feasible and effective method to accomplish the research 
objectives of this project.  
2.2.1. Langmuir Approach  
2.2.1.1. Single Component Adsorption 
In 1918, Langmuir proposed a coherent theory of adsorption onto a flat surface based on a kinetic 
view point that there is the continual process of condensation of molecules onto the surface and an 
equivalent evaporation of molecules from the surface to maintain zero rate of accumulation at the 
surface equilibrium. This model was derived based on three main assumptions:  
1) Surface is homogeneous, which means adsorption energy is uniform over all adsorption sites 
on the solid surface.  
2) Adsorption is localised, which implies that each adsorbed molecule is held on the surface at 
a definite site, and there are no interactions between neighbouring adsorbates.  
3) Each site can accommodate only one molecule or atom. 
The striking and desorption rates are given as: 
 (1 )
2
a
g
P
R
MR T



   (2-2)
 exp dd d d
g
E
R k k
R T
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
    
 
 (2-3) 
here aR is the number of moles adsorbed per unit area (including covered and uncovered area) per 
unit time,   is the fractional coverage, P is the pressure, M is the molecular weight of adsorbate, Rg 
is molar gas constant, and T is temperature. Rd is the number of moles desorbed per unit area per 
unit time, dk  is the rate that corresponds to fully covered surface, dk  is the rate constant for 
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desorption in infinite temperature, Ed is the activation energy for desorption. Equating aR  and dR , 
Langmuir equation can be written as: 
 
( )
1 ( )
b T P
b T P
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
 (2-4) 
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 (2-5) 
Equations (2-4) and (2-5) are the fundamental expressions of the Langmuir equation, which are still 
widely used to fit the isotherm of CO2 in a variety of adsorbents [19-21]. WhereC is the amount 
adsorbed per unit mass,
SC is the maximum adsorbed amount corresponding to a complete 
monolayer coverage. As described, 
SC C   is the fractional coverage at the given temperature 
and pressure, b is called the affinity constant or Langmuir constant, which is a measure of how 
strong an adsorbed molecule is attracted onto a surface. The Langmuir equation reduces to linear 
form (Henry equation) at low pressure, 
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 (2-6) 
 
HC K P   (2-7) 
where ( )H SK C b T  is Henry constant.  
Based on the Langmuir equation, many empirical equations were proposed to fit the isotherms of 
the single component. Table 2-1 lists some of the fundamental empirical equations used to fit CO2, 
CH4 and N2 adsorption isotherms in activated carbons, metal organic frames (MOFs), zeolites, 
amorphous silica and carbon nanotubes [19, 21, 22, 24, 27-31]. Those empirical models generally 
correlate the experimental data better than the original Langmuir equation, due to the extra fitting 
parameters.  
Table 2-1. Empirical adsorption equations 
Name  Isotherm equation 
Freundlich[22] 1 n
µC KP  
Langmuir-Freundlich (Sip) [23]  1
1
( )
1 ( )
n
µ µS n
bP
C C
bP


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Toth [24] 
  1[1 ]
µ µS t t
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C C
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
 
Multi-Site Langmuir [25]  
 1
KP





 
Generalized dual-site 
Langmuir Isotherm [26] 
 
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C P T C C
b P b P
 
 
     
 
 
2.2.1.2. Multicomponent Adsorption 
The Langmuir equation has been extended to correlate the adsorption isotherms of multicomponent 
mixtures, with the fractional adsorption of component i being:  
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 (2-8) 
where ib  and ,s iC  correspond to the affinity constant and the monolayer capacity of species i, iP  is 
the partial pressure of species i in bulk phase. It is worth to note that only as the monolayer 
capacities for all the species are equal, the thermodynamic consistency of eqn. (2-8) is satisfied.  
Analogous to the empirical equations developed for single components, extra fitting parameters and 
terms were introduced to develop the Langmuir equation to fit the isotherms of multicomponent 
mixtures. The Langmuir-Freundlich equation was modified through considering the lateral 
interactions among molecules of the same species via the parameter i  and the effect of 
heterogeneity via the parameter in . So the extended Langmuir-Freundlich (Sip) equation is then 
rearranged as 
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  (2-9) 
Developed by Nitta [25] through considering the effect of the adsorbate size difference on 
multicomponent adsorption, the equation of the Multisite Langmuir Model for multicomponent is 
given as: 
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where K is Henry constant,  is the number of sites occupied by one molecule, and the notion i 
denotes the identity of the species. Another Langmuir type model, developed by Dreisbach et al [26] 
is the Generalised dual-site Langmuir model that considers the heterogeneity of the adsorbent as 
well as the fractal character of its internal microporous structure, given as: 
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with the characteristic exponents : 
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Besides the above equations, there are several other models of Langmuir type published in literature, 
for instance, Ritter and Yang model [32] that gives significant improvement in correlating the 
adsorption isotherms of CO2/CH4 in activated carbon. In 2001, Nguyen and Do [33] proposed a new 
model that predicted the binary adsorption of CO2/CH4, CO2/N2 and CH4/N2 well, providing good 
agreements with the experimental data.  
2.2.2. Gibbs Approach  
In addition to the kinetic basis, adsorption equilibria can also be described from the point of view of 
thermodynamics, leading to the Gibbs approach. In this approach, the adsorbed phase on the solid 
adsorbent is considered as a two dimensional phase with thermodynamic properties being analogous 
to a three dimensional homogeneous fluid phase, so the fundamental equations in classical 
thermodynamic can still be applied.  
2.2.2.1. Single Component Adsorption 
Considering a system containing   and  phases, and at the state of equilibrium, the total 
differential Helmholtz free energy of   phase is:  
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where, F, S, T, P, V are Helmholtz free energy, entropy, pressure and volume, respectively, i  is 
the chemical potential of component i, and in  is the number of moles of component i per unit 
volume. At the equilibrium state, the phase equilibrium conditions must be satisfied, that 
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So equation (2-14) can be written as 
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Denoting  ,   as the bulk phase and the adsorbent phase, and introducing the absorbed phase,  , 
which refers to the interface between the bulk phase and the adsorbent, we are obtaining the 
differential free energy of  phase:  
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where   is the spreading pressure of adsorbed phase, acting as the pressure in bulk phase, and A is 
the area of the interface, replacing the volume term of eqn. (2-16) since the adsorbed phase is 
treated as a two dimensional surface. 
Integrating eqn. (2-17) with constant T，  ，and i  yields  
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Differentiating this equation and then subtracting it from eqn. (2-17), we obtain the Gibbs-Duhem 
equation for the adsorbed surface at constant temperature 
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For the single component system, removing the superscript   we obtain: 
 0Ad nd     (2-20) 
Substituting d  with  lnRTd f , the desired Gibbs isotherm equation is derived: 
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 (2-21) 
18 
 
Based on the Gibbs approach, two important adsorption models were developed, VSM-Wilson 
Model and VSM-Flory-Huggin Model (VMS is abbreviation for Vacancy Solution Model).  
Vacancy solution theory was first developed by Suwanayuen and Danner in 1980 [34]. In this 
theory, it assumes that the adsorption equilibrium exists between two vacancy solutions, i.e. the 
adsorbed phase and the gas phases, which have different compositions (densities). Each vacancy 
solution consists of adsorbates and vacancies. The latter, is an imaginary entity defined as a vacuum 
space which acts as the solvent of the system, and it has the same size as the adsorbate.    
Denoting the vacancy species as v, the chemical potentials of species v in the adsorbed phase and 
gas phase are presented in eqn. (2-22) and eqn. (2-23), respectively  
 
0 ln 
v v
v vµ µ RT X     (2-22) 
 
0 ln 
G G
G Gµ µ RT X   (2-23) 
where    is the activity coefficient, X is the mole fraction of vacancy,   is the partial molar area, 
and the subscript G represents the gas phase. Equating the chemical potentials of species v in two 
phases leads to the following equation of state:  
 ln( )v v
v
RT
X 

   (2-24) 
where the activity coefficient v  is obtained from the Wilson equation (1964) , 
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Hence the VSM-Wilson isotherm model is obtained as: 
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         (2-26) 
where K is Henry constant, θ is the fractional coverage with respect to the saturated amount 
adsorbed,
µSC . This equation has Henry’s law limit and, therefore it is thermodynamically 
consistent. Using a least-square fitting scheme, values of these four parameters have been 
determined for O2, N2, CO, CO2 and various hydrocarbon gases on activated carbon and zeolites 
10X and 13X [34, 35].  
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The VSM-W isotherm equation is a four parameters model, 1v , 1v , K  and µsC . One problem 
arising from this equation is that the pair interaction constants, 1v  and 1v , have been found to be 
highly correlated. To avoid this problem, Cochran et al. [36] used the Flory-Huggin equation to 
calculate the activity coefficient:   
 1 1
1
ln ln(1 )
1
v
v v
v
 
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 
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
 (2-27) 
where   
 11 1v
v

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
   (2-28) 
with 1  and v  being the molar areas of the adsorbed species and vacancy, respectively. So, 
replacing the Wilson equation with eqn. (2-27), and substituting it into the Gibbs isotherm equation 
(2-21), the VSM-Flory-Huggin isotherm equation is obtained: 
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 (2-29) 
Ding and Bhatia [37] reformulated this equation with respect to the heterogeneity of adsorbent, and 
used their refined equation to predict the binary mixture adsorption successfully. They showed that 
their refined equation performed better in charactering the adsorption of binary mixture, compared 
to the multisite Langmuir model and the heterogeneous Langmuir model.  
2.2.2.2. Multicomponent Adsorption   
Since several correlation parameters and terms are adopted in Langmuir approach, the empirical 
Langmuir models have become inefficient for fitting the adsorption isotherms of multicomponent. 
Besides, a given Langmuir model may have shown good performance in a specific situation, 
however, whist demonstrating poor correlations in many other situations. The ideal adsorbed 
solution theory then provides an alternative way to assess the adsorption of multicomponent. It is 
noted that the application of IAST is independent of the model that used to describe the adsorption 
of single component. The detailed derivation of IAST is referred to the book of Do [38].  
The major assumption held in IAST is that all the components are ideal, having the activity 
coefficients, 1j  , for all the species. Dunne and Myers [39] studied adsorbate molecules of 
unequal sizes adsorbing into a microporous cavity, and found the size exclusion effect for larger 
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molecules generated non-ideal behaviours in adsorption process. Hence, in order to describe the 
non-ideal behaviours of adsorption, Costa et al. [40] and Talu and Zwiebel [41] developed the real 
adsorbed solution theory (RAST), in which the activity coefficients were evaluated to account for 
the non-ideal characteristics of the adsorbate phase. Although it has been confirmed by Vaart et al. 
[42] and Buss [43] that the RAST shows better fitting for binary mixtures of CO2/CH4 compared to 
the IAST, it is less attractive and uncommonly used. This is because it requires multicomponent 
adsorption data to quantify the non-idealities of the adsorbate phase, i.e. it is more like a correlative 
model rather than a predictive model, which limits the application of RAST. Unlike the RAST, the 
heterogeneous ideal adsorbed solution theory (HIAST) [44] considers the non-ideality of the 
adsorbate phase as a consequence of surface energetic heterogeneity due to different adsorbates 
corresponding to different energy distributions toward the solid surface. So, one of the advantages 
of HIAST over the RAST is that it does not require any additional multicomponent adsorption data. 
However, determining the energy distributions for each individual component makes the HIAST 
more complicated, and the improvement of HIAST over IAST is not significant [44]. As a 
consequence of that, the HIAST has not been used as widely as the IAST.   
2.2.3. GCMC Simulations   
2.2.3.1 Introduction 
As reviewed above, Langmuir and Gibbs approaches provide alternative ways for studying the 
adsorption of single component and multicomponent on adsorbents. However, those approaches 
always involve empirical fitting parameters and hold assumptions for fitting the isotherms of pure 
and multi components. Unlike these two methods, the grand canonical Monte Carlo simulation 
which is one of the most widely used methods, can measure the isotherms of single and multiple 
components by considering the interactions of adsorbate-adsorbate and adsorbate-adsorbents 
directly, and it hence is adopted to study the adsorption of CO2 and associated mixtures in this 
project.  
In GCMC simulations the adsorbate chemical potential a and the system volume V and 
temperature T are kept constant, like connecting to an infinite bulk reservoir which has the same 
chemical potential and temperature. In addition, the number of adsorbate molecules is allowed to 
fluctuate, as well as the location and the orientation of each adsorbed molecule within the adsorbent. 
More specifically, the implementation of GCMC simulation includes three typical trial moves, 
insertion, deletion and displacement of particles, with the corresponding acceptance probabilities 
[45]: 
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  ( ) min 1,exp[ ( )]moveP U U    (2-30) 
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 (2-32) 
where U stands for the potential energy and  denotes the reciprocal temperature, 1 Bk T  , with 
Bk to be the Boltzmann’s constant. z, V, N are the absolute activity, adsorption volume, and the 
number of particles adsorbed, respectively. Here the absolute activity, z, is determined as
3exp( )z   [46], and the de-Broglie wavelength, , is equal to  
1 2
2 / 2 Bh mk T . The numbers 
of insertion and deletion attempts are normally set equal throughout the GCMC simulations, in 
order to maintain microscopic reversibility.   
For LJ fluid, the potential energy for adsorbate-adsorbate and adsorbate-adsorbent is interpreted by 
the dispersive and electrostatic interactions, demonstrated as  
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 (2-33) 
where
( , )
ijr
 
is the distance between two sites i and j of molecules  and  . The LJ size parameter
( , )
ij
   and well depth parameter 
( , )
ij
   for the unlike interactions are generally estimated using the 
Lorentz-Berthelot mixing rules. In eqn. (2-33), the first term in the r. h. s. represents the dispersive 
interactions, while the second term 
C
iju  corresponds to the electrostatic interactions. It is clear that 
the long rang corrections for electrostatic interactions are always required for promising the 
reliability of the molecular simulations. Yet considering cylindrical CNTs, Ewald Summation 
method is no longer applicable, which can only be applied in the systems that the periodic boundary 
conditions can be used in at least two dimensions. Instead, the Dot Line Method (DLM) is adopted 
to modify the long-range electrostatic interactions, which has proven to be effective for representing 
periodic charges of ions in cylindrical pores [47, 48]. The specific terms for the second term of r. h. 
s. in equation (2-33) is given as 
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where iq and jq are the partial charges on sites i and j of the two molecules, H is the length of the 
carbon nanotube, 0 is the permittivity of free space (
12
0 8.8543 10
 
2 /C J m ), 
ijx , ijy and ijz are 
the Cartesian components of the inter-particle distance 
ijr with ijz  being the axial coordinate along 
the nanotube. 
2.2.3.2. Adsorption Isotherm  
The isotherms measured in GCMC simulations represent absolute adsorption, and the adsorption 
isotherms obtained from experiments characterize the quantity of adsorbed adsorbate relative to the 
bulk phase, and are named excess isotherms. In order to compare the adsorption measurements 
performed in GCMC simulations with experiments, the absolute amount of adsorbed molecules is 
always converted to the excess adsorption:  
 
ex g g gN N N N V     (2-35) 
where, exN  and N are the excess and absolute adsorbed number of adsorbate, respectively. gN is the 
number of particles occupying the free volume 
gV  in the same size of the adsorption volume, with 
the bulk gas density of 
g . Whilst the density of the bulk gas is generally obtained from the bulk 
GCMC simulation conducted at the given chemical potential, or from equations of state, the 
adsorption volume, 
gV , is measured using He gas as He barely adsorbs onto the adsorbent, 0
He
exN  . 
Accordingly, the adsorption volume can be determined as [49] 
 exp[ ( ) / ]
S
sf
g He B
V
V u k T d  r r  (2-36) 
where ( )sfHeu r  is the total He-adsorbent interaction potential at the position of r , and 
SV is the 
volume of the systems including the adsorption space and the space occupied by the adsorbent. On 
the other hand, Do et al. [50] proposed the concept of accessible volume, which provides an 
alternative way to measure the adsorption volume. The definition of the accessible volume is that 
the center of the adsorbate molecule is always located in the adsorption space where the solid-fluid 
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potential is negative. To calculate this accessible volume, artificial insertion operations in extra MC 
simulations are required.  In a specific simulation box, each insertion with the adsorbate-adsorbent 
potential being negative is counted as a successful insertion, otherwise it is rejected. After N steps 
repeating, the probability of inserting a particle just in the accessible adsorption space is successN N . 
Consequently, the accessible volume, accessV , is calculated as 
  *access successV V N N  (2-37) 
where V is the volume of the simulation box. Two methods are applicable for computing the 
adsorption volume. However, the latter method yields different accessible volumes for different 
species, which makes the study of the mixture adsorption more complicated, though more justified. 
The adsorption space measured using He gives a single adsorption volume which is independent of 
the adsorbate species, leading to the isotherms less accurate [50].   
2.2.3.3. Isosteric heat  
Conventionally, the isosteric heat of adsorption is defined as the heat released when one molecule 
of fluid phase is adsorbed onto the solid at constant temperature and volume of the simulation box. 
In terms of the adsorption of single component, the isosteric heat, stq , can be calculated through 
[51] 
 
( , )
( , )
st B
f U N
q k T
f N N
   (2-38) 
where U is the configurational energy of the system, N is the number of particles in the simulation 
box, and the function f is defined as ( , )f X Y XY X Y   with  representing the ensemble 
average. One assumption held in this equation is that the fluid phase is treated as ideal gas and the 
molar volume of the adsorbed phase is smaller than the gas phase.  
However, the measurement of the isosteric heat in experiments is always performed in the presence 
of bulk gas, so that only the excess adsorption isosteric heat is measurable. Therefore, in order to 
calculate the excess isosteric heat in GCMC simulations, Do et al. [52] proposed a new approach, 
which can also be extended to the calculation of the isosteric heats of mixtures [49]. Initially, the 
excess isosteric heat is defined as the change of the total enthalpy of the system results from an 
infinitesimal number of the gaseous particles being added to the excess adsorbed phase at constant 
temperature and total number of particles: 
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 (2-39) 
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where H is the enthalpy of the whole system, constituting of the enthalpies of the gaseous phase, 
gH , adsorbent, sH and the excess adsorbed phase, exH , given as: 
 
g s exH H H H    (2-40) 
here the enthalpy of the reference gas phase, 
gH , is the enthalpy of the bulk phase particles 
occupying an equivalent accessible adsorption volume. Analogous to that, we can also write the 
internal energy, U, number of particles, N, and the volume of the system, V, into the similar forms: 
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 (2-41) 
where the subscripts g , s , and ex  represent the gas phase, solid and the excess adsorbed phase, 
respectively. Obviously, the number of adsorbate in solid phase is zero, 0sN  . Virtually, the 
volume of the system is the summation of the accessible volume and the adsorbent volume, so that 
the volume of the excess adsorbed phase is zero, 0exV  . Further, since the total number of the 
particles is fixed, the summation of the variations of the particle number in gas phase and adsorbed 
phase should be zero, 
g exdN dN  . Therefore, substituting eqn. (2-40) into eqn. (2-39), we can 
rearrange eqn. (2-39) into：  
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Since 0exV  , we expand eqn. (2-42) into the form 
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As 
g exdN dN  , we collectively recast eqn. (2-43) into  
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where U is the configurational energy of the system, and p is the pressure of the bulk phase. 
Conventionally, the isosteric heat is always treated as the negative of the differential of the excess 
enthalpy, 
st exq h  , giving a positive value of the isosteric heat,  
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It should be pointed out that, for an ideal gas,
g g BpV N k T   , eqn. (2-45) reduces to 
 st B ex Tq k T U N    . However, this simplification is only valid for low density adsorption.  Based 
on eqn. (2-45), the computing of the excess isosteric heat for the single component or for the i th 
species of mixture can be realized in GCMC simulations. Specifically, the isosteric heat of specie i 
of mixture is written as 
   
 , ,
,
g
exj
j
g
st i g g
i i iT N
T N
pV U
q
N N N
   
   
      
                           (2-46) 
in which, p is the total pressure of the bulk phase, and the notation i represents the identity of the 
component. Introducing the chemical potential and applying the chain rule, we are obtaining  
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where
j j Bk T  is the reduced chemical potential of component j. According to the Gibbs-
Duhem equation at constant temperature, 
1
j j
j
d dp

 , eqn. (2-48) is reduced to 
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So, all the terms in eqn. (2-47) and eqn. (2-49) can be written into the forms of the fluctuation 
function, which can be then calculated from a series of GCMC simulations conducted for the 
adsorbed phase and bulk phase separately. Specifically, we have to convert
jU    , i jN   and 
g
i jN   into the fluctuation functions. In terms of the internal energy derivatives, jU   , they 
are written as 
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 (2-50) 
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In the meanwhile, 
i jN   and 
g
i jN    can be obtained through solving a set of linear equations 
[53]:  
 
1X F  (2-51) 
where  ( , )ij i jf N NF  and  ( )ij i if N  X . Consequently, all the terms given in eqn. (2-47) 
and (2-49) are readily to be obtained by GCMC simulations. Taking the same derivation, the 
isosteric heat for the single component can be converted into the form:  
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Unlike the application of eqn. (2-38) which requires to assume the gas phase to be ideal and the 
molar volume of the adsorbed phase is negligible, Do et al.’s approach for computing the excess 
isosteric heat is not restricted by these assumptions and can be applied from the subcritical to the 
supercritical conditions. Applying this approach, Do et al. showed that the isosteric heats obtained 
from the conventional method were incorrect for the gases of Ar, N2 and CO2 in graphitic slit, at 
298 K. Palmer et al. [49] further extended this approach to study the isosteric heats of CO2, CH4 and 
their mixture in CNT bundles and obtained reasonable results. 
In summary, GCMC can well measure the adsorption behaviours of CO2 and associated mixtures 
over a wide range of pressure, no matter in ordered or disordered pores including MOFs, activate 
carbon, zeolites, and carbon nanotubes [54-60] as longs as the adsorbate-adsorbate and adsorbate-
adsorbent interactions are described explicitly. Using GCMC simulations to investigate the 
competitive adsorptions between CO2 and N2 on SWNTs at 0.15MPa, Seyedeh et al. [61] showed 
that the selectivity of CO2 over N2 is a decreasing function of temperature, and at 300 K the 
separation factor is considerably larger than that reported for activated carbon membranes. 
Subsequently, the selectivity of CO2 over O2 was investigated by Kowalczyk [62], who showed that 
the equimolar separation factor is higher than 10 below a pressure of 1 MPa, indicating strong 
preference for CO2 adsorption. Kim et al. [63] adopted the GCMC simulations to reveal that at low 
pressure, the selectivity of CH4 over ethane for single-walled carbon nanotube was consistent with 
the prediction of the IAST. Briefly speaking, GCMC has been chosen as a basis study approach in 
my current research.  
2.3. Effect of Water on the Adsorption of CO2/N2 and CO2/CH4 Mixtures 
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In the practical separation procedure, water is always present, which applies certain effect on the 
adsorptive properties of adsorbent for CO2, N2, CH4, and corresponding mixtures.  
To understand the influence of water on separating CO2 from gas mixtures, water is generally 
considered in two contexts: (1) as a vapor component in the gas phase [19, 64-68]; (2) or as a pre-
adsorbed component in the adsorbent [24, 69-72]. In zeolite ZSM-5, Ohlin et al. [19] fixed the 
partial pressure of water in an equimolar CO2/CH4 mixture and reported that the presence of water 
vapor decreased the adsorption of CO2 slightly while reducing the adsorption of CH4 dramatically. 
This is because water adsorbs competitively onto the cations, partly blocking the adsorption CO2 
and CH4 in the first place and then acting as new adsorption sites to promote the adsorption of CO2 
over CH4. In MOFs, only as the interaction of water with the adsorbent is strong enough, that a 
trace of water in the gas phase can significantly affect their selectivities for CO2.The strong water-
MOFs interaction is attributed to the accessible metal ion sites and compensating atomic charges in 
the frameworks [64, 65, 73]. Nevertheless, Striolo et al. [74, 75] demonstrated that, for the 
hydrophobic porous carbons without active sites, water could fill carbon slit pores of widths ranging 
from 0.8 to 1.6 nm below the saturation pressure at ambient temperature, and that the relative 
pressures at which pore filling occurs are even lower in carbon nanotubes having the similar 
diameters. Consequently, this raises the question that whether water vapor will affect the adsorption 
of CO2/CH4 and CO2/N2 mixtures in porous carbons. 
When water is present as a pre-loaded component, its effect on the adsorption of CO2, CH4 and N2 
is diverse. In zeolites, the presence of water decreases the adsorption of CO2 by blocking the access 
for CO2 [72]. The adsorption of CO2 was found to decrease montonically in Ni/DOBDC as the 
water content increased from 0.0 to 28.7 mol/kg [71], while the adsorption of CO2 and its selectivity 
over CH4 were significantly increased in Cu-BTC by the presence of 4 wt% coordinated H2O [70]. 
In activated carbons, the presence of water reduces the adsorption of pure CO2 and CH4 by 
occupying the free adsorption volume [24, 69]. Yu et al. [76] studied the combined effect of water 
vapor and pre-loaded water on the adsorption of CO2/N2 mixture in HKUST-1 experimentally. They 
reported a reduction in the adsorption of CO2 as a result of a predominant adsorption of water in the 
HKUST-1 having water into the MOF framework, suggesting that the co-ordinated water molecules 
provide new nuclei for the adsorption of water. Similarly, Ramachandran et al. [77] fixed water 
molecules in silicalite in their GCMC simulations to represent hydrophilic defects. They found that 
these fixed water molecules promoted pore filling by water at lower pressures than when 
hydrophilic defects were absent, due to the formation of hydrogen bonds between the fixed water 
and the water molecules in the adsorptive gas. Consequently, one can expect that pre-adsorbed 
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water will affect the adsorption of H2O/CO2/CH4 and H2O/CO2/N2 mixtures saturated with water in 
porous carbons. 
Therefore, it is of interesting and practical significance to unveil the effect of water including the 
pre-loaded water in the adsorbent, water vapor in the gas and the combination of these two forms 
will gain the deep insight of adsorptive behaviours and properties of CO2/CH4 and CO2/N2 mixtures 
in the carbon nanotubes and activated carbons.  
2.4. Transport Properties for Infinitely Long CNTs 
In addition to investigating the adsorption of CO2 and associated mixtures in CNTs, the diffusional 
properties of the single components and the binary/ternary mixtures must be properly determined as 
well, which are actually more related to the application of CNTs in terms of CO2 separation from 
flue gas and natural gas . However, the diffusion inside narrow pores varies significantly depending 
on the nature of the gas molecules and their interaction with the surroundings, as a result of that 
much effort has been devoted to model the diffusion of fluid in narrow pores. Currently the size of 
SWNTs is around 0.6~2.5 nm which is comparable to the molecule diameter, so the collisions of 
molecule-molecule and molecule-wall are both significant. Moreover, in such case, all the 
molecules in the CNT cannot escape from the attractive field imposed by the nanotube. The 
adsorption of gas molecules onto the solid wall becomes prevalent, resulting in the gas molecules 
undergoing the surface diffusion. To find the physical sound basis for estimating the diffusion 
characteristics of CO2 and associated mixtures through CNTs, the Knudsen model, DGM model, 
and the Generalized Maxwell-Stefan (GMS) model are reviewed critically. At last, it will be shown 
that the GMS model is the most suitable method for my research. In addition, the Onsager 
coefficients and the M-S diffusivities can be bridged by MD simulations through analysing the 
trajectories of molecules travelling in the nanotube.  
2.4. 1. Knudsen Model      
In small pores, as the pressure is low enough, the mean free path, , of a molecule tends to be large 
relative to the pore diameter, and hence the collisions of molecule-wall will be dominant as the gas 
diffusing through the pore driven by a pressure gradient. Based on this idea, Knudsen model was 
proposed, in which gas particles are treated as hard spheres. It is assumed that there are no 
interactions between the gas molecules and the solid, unless the collision occurs. In addition, during 
the collision, the hard sphere particle was reflected diffusely, losing all the carried information after 
colliding. Thus the expression of Knudsen model refined by Smoluchowski [78] is given by  
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Eqn. (2-53) represents the Knudsen diffusivity in cylindrical pore with the effective diameter d. In 
which, m is molecular mass of the adsorbate and T is temperature. The flux driven by the pressure 
gradient is determined as 
 k
D
J p
RT
    (2-54) 
where J and p are the molar flux and pressure, respectively.  
One of the key assumptions held in Knudsen model is the diffuse reflection for molecule-wall 
collisions. This assumption has shown to be reasonable for the oxide surfaces, at which gas-solid 
interactions are dominated by the surface oxygen. However, the diffusion of light gases through 
CNTs has been shown to be extraordinary fast, which is attributed to the specular reflection on the 
nanotube wall. Thus, the diffuse reflection held by Knudsen model is no longer valid for the 
diffusion of gases in ordered smooth surface, such as carbon slit and carbon nanotubes.  
However, if the adsorptive strength is strong over the entire nanopore, gas molecules will not have 
enough kinetic energy to escape from the adsorption field. In that case, the validity of the Knudsen 
model becomes very questionable. In order to measure the role of the adsorption strength in 
cylindrical pores at low pressure, the Henry’s law equilibrium constant has been examined by 
Bhatia et al. [79]. Following the well-known hypergeometric potential [79, 80], the equilibrium 
constant is written as  
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where ( )fs r is the fluid-solid potential, r is the radical coordinate, ccd is the centre to centre 
diameter of the pore, Bk is Boltzmann constant, and T is temperature. Here, the fluid-solid potential 
( )fs r is determined by the fluid-solid collision diameter, fs , fluid-solid well depth fs , and the 
surface atomic density s . The equilibrium constant can be rearranged as the function of an energy 
parameter, 2
fs fB s sk T     , and a size parameter, c fscs d  . It is worth to emphasise that the 
energy parameter, , represents the ratio of the kinetic energy to the potential energy for a fluid 
molecule. As demonstrated in Figure 2-4, only as  is greater than 3.2 ( 3.2  ), the equilibrium 
constant approaches to unity, otherwise the adsorption effect becomes significant. This is held even 
for rather large pores, like 30s  .  
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Calculated by Nguyen et al. [81], the energy parameter, , for CH4 in SWNT is 0.82 at 298 K, only 
as the temperature reaches to 1150 K,   becomes greater than 3.2, which indicates the adsorption 
of CH4 in SWNTs excludes the Knudsen model, evident form Figure 2-4. It is clear that the 
diffusion of CO2 in CNTs cannot be captured by the Knudsen model either, since the interaction of 
CO2-CNT is stronger than that of CH4-CNT. Further, the diffusion coefficient calculated from 
Knudsen model has been shown to be one order of magnitude higher than that obtained by MD 
simulation. So, it is revealed that the Knudsen model significantly overestimates the diffusion 
coefficients in nanopores at low pressure, since the adsorption is prevalent [82]. In summary, the 
application of Knudsen model for describing the diffusion of CO2 in CTNs is problematic. For 
mixtures, except the adsorption effect, the fluid-fluid interactions will make the Knudsen model 
questionable as well. Thus the Knudsen model is no longer applicable in this project.      
 
Figure 2-4. Equilibrium constant as a function of the energy parameter, 2
fs fB s sk T      for a 
cylindrical pore at different values of 
c fscs d  . Take from Bhatia et al. [79].   
2.4.2. Dusty Gas model 
Motivated by accounting for combined wall mediated and bulk diffusion of gases in porous systems, 
the dusty gas model was developed by Evans and co-workers [83]. The principle behind this model 
originates from the concept of the Lorentz gas, which assumes one component of a binary mixture 
is immobile molecules with extremely large mass [84]. Following this idea, the pore wall in DGM 
is assumed to consist of uniformly distributed “dust” molecules, and all of those dust molecules are 
fixed in place by the unspecified external force. Therefore, dust molecules are automatically chosen 
as the frame of reference of the system. Taking the pseudo species, dust, as the n+1 th component 
of a n-components mixture, based on the Maxwell-Stefan diffusion equations, the expression for the 
DGM is given by (for the isotherm diffusion)  
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where 
iJ , is the flux of species i, ip  is the partial pressure of species, i, iq is the molar density of 
species i. tq  is the total molar density, ijÐ is the M-S binary diffusion coefficient of species i and j, 
0iÐ  is the diffusivity arising from the drag exerted by the adsorbent on species i, which is 
determined as the Knudsen diffusivity in DGM.  
Although the DGM is probably the most widely used model for modeling multicomponent transport 
in porous systems, the limitations held in this approach cannot be neglected in practical applications. 
In this model, the dust is assumed to mix randomly with the fluid species, which is not valid for 
practical systems, since the gas phase and the solid are segregated. The diffusion coefficient, 0iÐ  , 
describing the binary gas-dust mutual interactions, is determined as the Knudsen diffusivity in this 
model, which indicates the intrinsic flaws of Knudsen model have been inherited by the DGM. In 
this model, the density distribution over the pore cross-section is assumed to be uniform, neglecting 
the inhomogeneities and the density gradients caused by the gas-wall interactions. This limits the 
application of this approach.  
Actually the main limitation of dusty gas model is the choice of the reference frame, related to 
including the viscous flow in this model. As noted above, the dust molecules are stationary 
( 1 0n J ), so the flux iJ given in eqn. (2-56) must contain the diffusion flux and the viscous flux. 
Evans and co-workers argued that, the real form of eqn. (2-56) should be rearranged like this,  
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which means 
,i diffJ  represents the diffusion flux only. However, let’s look at what will happen if we 
change the flux notation in this way. Since 
,i diffJ is the diffusion flux, ,i diffJ must be relative to the 
reference frame that located at the centre of mass of species i . On the other hand, in the presence of 
pressure gradient, the viscous flux is nonzero, 0,visc J and , 0i viscv  . Since the dust molecules are 
stationary, the second term in the l. h. s. is still equivalent to the situation where the reference frame 
located at the solid wall. That is to say, the diffusion flux 
,i diffJ in the first term of l. h. s. is not equal 
to the flux 
,i diffJ  in the second term of l. h. s., as ,i diffJ  in the second term of l. h. s. is equivalent to 
the iJ constituting of viscJ and ,i diffJ . Only in the case 1 ,in viscv J , eqn. (2-57) is valid, but this will 
induce, 
, 0i viscv  . Therefore, iJ given in eqn. (2-56) must be the total flux, including both the 
viscous and diffusive contributions. Thus it is clear now, adopting the DGM to describe the 
diffusion of CO2 and mixtures in CNTs is problematic, majorly attributed to the intrinsic flaws 
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inherited from the Knudsen model, and it is too complicated to explicitly evaluate the contribution 
of the viscous flow to the total flux.    
2.4.3. Generalized Maxwell-Stefan Model  
Since the Knudsen model and the DGM model have their own problems in describing the diffusion 
of adsorbates in nanoporous, Krishna and co-workers [85, 86] developed the Maxwell-Stefan 
formulation into a suitable model for charactering the diffusion in nanopores where adsorption is 
prevalent. In this model, a particle is assumed to jump from one adsorption site to the other, and the 
adsorption site to which a molecule jumps may be vacant or occupied by another molecule. More 
specifically, as the particle i jumps to a site occupied by particle j, the net momentum exchange 
between the particles i and j is characterized by a Maxwell-Stefan binary exchange coefficient
ijÐ . 
And if it jumps to a vacant site, the momentum exchange is referred to iÐ which is equivalent to the 
corrected diffusivity 0D  for pure component, reflecting the adsorbate-adsorbent interactions. 
However, in a special situation, as the particle jumps to a site occupied by the same species, the 
correlation between these two particles is captured by the self-exchange coefficient iiÐ , which will 
be shown later that this coefficient can be used to determine ( )ijÐ i j [87]. Except offering a 
fundamental interpretation for the intra-diffusion of multicomponent in nanoporous, a major 
objective of developing this model is to determine the individual species fluxes based only on the 
information of pure components. 
Taking the vacant sites as the (n+1) th component of a mixture constituting of n species, the 
Maxwell-Stefan equations read as  
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where 
,i satq denotes the saturation loading of species i, n is the total number of diffusing species, iJ
is the diffusion flux of species i and i  is the chemical potential for species i, which is actually the 
function of the occupancies of all the species, ( , ... )i i i j n     . The loading fraction, i is 
determined as
,i i i satq q  , and iq is the adsorbed amount. It is worth to point out that, in eqn. (2-
58), the saturation capacities for each individual species are generally not equal, 
, ,i sat j satq q . Unlike 
the DGM, the flux, iJ , presented in eqn.(2-58) is independent of the choice of the frame of 
reference, because the adsorbent is not involved in the derivation. 
In Fick’s law, the relation between the fluxes and the transport diffusivities is defined:  
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 ( ) [ ]( )D q  J  (2-59) 
where the element 
ijD is the transport diffusivity. Analogous to Fick’s law, if we express the 
chemical potential gradient in terms of the gradient of fractional occupancy by introducing the 
matrix of thermodynamic factors 
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and introduce an n-dimensional square matrix [ ]B  with elements,   
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we are able to rearrange eqn. (2-58) into a n-dimensional matrix notation as  
 1( ) [ ] [ ]( )B q   J  (2-62) 
Combining eqn. (2-59) and eqn. (2-62), the Fick diffusivities will be expressed explicitly by  
 1[ ] [ ] [ ]D B    (2-63) 
Apparently, as long as all the elements of the matrixes [ ]B and  are known, the Fick diffusivities 
as well as all the individual species fluxes can be determined. Scrutiny of equations of (2-60) and 
(2-61), it is found that the evaluation of the elements of    is essentially dependent on the 
isotherms of the single components and the mixtures. By means of the IAST, all the elements of 
  can be determined based on the isotherms of single components. So, the key factor for solving 
equation (2-63) is the calculation of the elements of [ ]B . In terms of the diffusion of CO2, CH4, N2 
and H2O and their binary or ternary mixtures in CNTs, the following equations may provide the 
access to capture this issue properly. Although these equations work well for alkanes diffusing in 
CNTs, no one has detected their validity for CO2 and associated mixtures yet, demonstrated as:    
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Eqn. (2-64) describes the loading dependence of the M-S diffusivity, iÐ , using the Reed-Ehrlich 
model [88] with 2z   for one dimensional transport within CNTs, 
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 , 
1 4 (1 )(1 1 )f      , and exp( )f   , where  and  are fitted parameters through MD 
simulations. (0)iÐ  is the M-S diffusivity, iÐ , at zero loading. The detail derivation is referred to 
the references [89] and [90]. At first, many people argued that the M-S diffusivity iÐ was 
independent of the adsorbate loading, however, now it has been well recognised that the M-S 
diffusivity is the function of the occupancy. In addition, the dependence of the M-S diffusivity iÐ
on the occupancy, , for alkane mixtures in zeolites and CNTs has been well established by 
Skoulidas et al. [87] and Krishna et al. [89, 91]. They revealed that at a given total occupancy,
,
1
n
i i sat
i
q q

 , the M-S diffusivity iÐ and the self-exchange coefficient iiÐ  have nearly the same 
values for species i whether this species is present on its own or in a mixture with the same total 
loading. However, the validity of this relation for CO2, N2 and H2O has not been tested yet, which is 
one of the issues we are interested in.     
Eqn. (2-65) gives the relation between the M-S diffusivity iÐ  and the self-exchange coefficient, 
iiÐ . Krishna et al. [90] studied the binary mixture diffusing in CNTs, and they found the ratio of 
the self-exchange coefficient to the M-S diffusivity, ii iÐ Ð  , went through two distinct regimes. As 
the loading inflq q , this ratio increases linearly with loading, otherwise, as inflq q , the ratio of 
ii iÐ Ð is completely loading-independent. It is noted that inflq  is determined using MD simulations 
with respect to the diffusion of CO2 in specific CNTs.    
Proposed by Skoulidas et al. [87], eqn. (2-66) bridges the gap between the binary exchange 
coefficient and the self-exchange coefficient, which has been well verified and widely used in 
literature [89-91]. With the aid of the above equations (2-64)-(2-66), all the elements of the 
matrixes [ ]B and    are allowed to be determined based only on the information of single 
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components. In other words, recalling eqn. (2-63), the Fick diffusivities and fluxes will be 
determined as well.  
2.4.4. Direct Calculation of the Transport diffusivities by Molecular Dynamics Simulations 
For the transport of single component in nanopores, the transport properties obtained from MD 
simulations have been shown to agree well with the data of experiments. In equilibrium molecular 
dynamics (EMD) simulations, two diffusion coefficients can be extracted, namely self-diffusivity 
and transport diffusivity. The latter, transport diffusivity, can be obtained from both EMD and non-
equilibrium molecular dynamics (NEMD) simulations.  
Sholl et al. [92] adopted the MD simulations to predict the individual species fluxes of CH4/H2 
mixture in (10, 10) carbon nanotubes, and confirmed the fast diffusion experienced by the binary 
mixture in CNTs. In terms of the separation and permeation of CO2 and the mixtures of CH4, N2 
and H2O through CNTs, MD simulation also provides a realistic manner to get the self and the 
transport diffusivities. In point of view of thermodynamics, under the isotherm condition, the Fick 
flux for each component is given by  
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where ikL is the phenomenological coefficient, and meets the Onsager’s reciprocal relation that 
ik kiL L , i is the chemical potential for species i. On the other hand, the fluxes for 
multicomponent in terms of Fick’s law can be written as  
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Since the chemical potential for species i is dependent on the composition of the mixture, 
1 2( , ,... )i i nq q q  , with iq being the loading of species i, equating eqn. (2-67) and eqn. (2-68) we 
obtain  
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Simply, for the single component, equation (2-69) reduces to 
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in which D is the transport diffusivity, oD is the corrected diffusivity. A molecular interpretation 
for the phenomenological coefficients ikL can be achieved through linear response theory, as 
applied to transport processes by Mori [93]. In this theory it elucidates that the rate of the 
responding to the imposition of a gradient in composition or of an extern force field that causes the 
considered volume element to depart from thermodynamic equilibrium is equivalent to the rate at 
which spontaneous fluctuations occurring within the same volume element in a state of 
thermodynamic equilibrium die out with time. It implies that both the spontaneous equilibrium 
fluctuations and the non-equilibrium response are actually governed by the same microscopic 
dynamics. The expression of 
ijL given in the Einstein form as: 
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where lir represents the trajectory of molecule l of species i, iN is the particle number of species i. 
Determined by this equation, the corrected diffusivity oD for a single component and the M-S 
diffusivity iÐ  for species i are given by  
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Analogous to eqn. (2-60), combining equations (2-69) and (2-71), the Fick diffusivities can be 
determined with the aid of the adsorption isotherms, since the thermodynamics factors ln k jp q 
can be readily determined by analysing the isotherms. In addition, if we write the phenomenological 
coefficient 
ijL in the notation of n-dimensional matrix 
 [ ] [ ]( )L   J  (2-73) 
We can bridge the gap between the phenomenological coefficients and the elements of the GMS 
matrixes by rearranging eqn. (2-73) into the form  
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where [ ]satq  is a diagonal matrix of the saturation capacities ,i satq , and 
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q
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(2-60) 
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  [ ] [ ] 1 [ ]( )q    J  (2-75) 
where [1 ]  is a diagonal matrix of the reciprocals of the occupancies,
,1 i i i satq q  .  Now it is clear 
that the matrix 1[ ]B  given in equations (2-62) is equal to  [ ] 1  , expressed as 
 1[ ] [ ] [ ]B    (2-76) 
here [ ]  is a diagonal matrix of the occupancies, i . Therefor the gap between the M-S diffusivities 
and the Onsager’s coefficients has been removed, and it is clear enough the GMS approach is 
thermodynamics consistent.   
2.5. Interfacial Barriers 
Diffusion through a carbon nanotube is accomplished through three stages, the adsorbate molecule 
first adsorbs to the CNT, it then diffuses through the carbon nanotube and finally desorbs from the 
CNT and enters the permeate phase. There exist different mass transfer resistances in each stage. 
The resistance to mass transfer inside the carbon nanotube is simply related to the intracrystalline 
diffusivity of the adsorbate. The resistances existing at the interfacial surfaces that entering and 
leaving the carbon nanotube are referred to collectively as surface resistance. For thick enough 
carbon nanotubes, this intracrystalline resistance dominates the diffusion process. However, at 
which length the surface resistance can be neglected safely and at which length the surface 
resistance dominants the diffusion, there are no explicit answers for these two questions so far. 
Albeit there is much information about the transport of fluid through ideal infinitely long CNTs, the 
effect of the barriers existing at both the entrance and the exit of the carbon nanotube on the 
diffusion of molecules in finite CNTs has been overlooked or implicitly considered. To evaluate the 
contribution of the surface resistance to the overall resistance, a proper simulation model has to be 
developed first, since to date there are no available methods to cover this issue perfectly. Work on 
solving this topic can be divided into two aspects, one is that directly measure the flux of the gas 
phase by NEMD simulations, and the other way is assessing the ratio of the surface resistance to the 
intracrystalline resistance by EMD simulations.  
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2.5. 1. NEMD Approach    
2.5.1.1. Dual Control Volume-Grand Canonical Molecular Dynamics    
Among a variety of NEMD approaches, dual-control volume grand canonical molecular dynamics 
method (DCV-GCMD) is the first option for covering this issue. In DCV-GCMD method, two 
different chemical potentials are imposed in two end regimes to drive the fluid flow. The 
corresponding chemical potentials for the control volumes, CV1 and CV2 are 1cv , and 2cv , 
respectively, shown in Figure 2-5.  
 
Figure 2-5. Schematic view of the DCV-GCMD  
We first consider the flux, FickJ , excluding the surface barriers, which is determined as,  
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where tD  is the transport diffusivity, L is the length of the pore region, tD is the average value of 
the transport diffusivity. In order to obtain the Fickian flux, FickJ , the function, ( )tD p , has to be 
determined first via a series of EMD simulations. Introducing the definition of intracrystalline 
resistance,
int ( )ra tR L D p , equation (2-77) is recast into:  
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The total resistance totR is the summation of the intracrystalline resistance int raR  and the surface 
resistance
surfR , inttot ra surfR R R  , so that the real flux in the presence of surface barriers can be 
accordingly written as: 
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where the real flux DCVJ is obtained by DCV-GCMD simulations. Then the surface resistance 
can be evaluated by,  
 
intsurf tot raR R R   (2-80) 
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Arya et al. [94] studied the influence of the pore exit barrier on the diffusion of molecules in zeolite 
using DCV-GCMD technique. They found that at low temperature, the surface barrier reduced the 
flux of the molecules compared to the flux in the absence of the pore exit effect, and this surface 
barriers tended to vanish as the temperature and the adsorbate loading went up. In addition, they 
also revealed that the surface barrier would be enhanced as the molecule size approached to the pore 
size. Ahunbay et al. [95] studied the diffusion of spherical molecules, including CH4, Ar, and CF4 in 
silicalite single crystal membrane, and showed that the surface resistance is dependent on the 
adsorbate-adsorbent interaction size (LJ size) and energy. However, as revealed by Vingé-Maeder 
[96], the size effect of the adsorbate molecules was not equivalent to that exerted by the surface 
resistance.  
It would appear that the DCV-GCMD method is readily to be extended to the present subject. 
However, many disadvantages of this method cannot be avoided. First, the stochastically inserted 
particles must have a velocity that includes both contributions from the thermal distribution and the 
streaming velocity. The streaming velocity is supposed to match the net fluid flux crossing the 
cross-section of the control volume at the steady state, which is however not known a priori. Second, 
if the ratio of the GCMC insertions and deletions to the MD steps is not large enough, the DCV-
GCMD method may result in incorrect results [97]. Finally, a more detailed technique needs to be 
settled is the application of the thermostat. Taking the carbon nanotube as the example, as 
molecules move from the gas phase into the CNT, they are accelerated by the potential energy drop 
existing in the adsorbate-adsorbent interface. If the CNT is flexible, this enhancement in kinetic 
energy for adsorbate molecules will dissipate rapidly during colliding with the tube wall. However, 
in a rigid CNT, this effective path for kinetic energy dissipation is absent, which will induce the 
local temperature near the entrance of the CNT much higher than the overall temperature. Besides, 
any thermostat works for the global system, such as the Berederson and the Nosé-Hoover 
thermostats, cannot be applied in this case. Newsom et al. [13] revealed that incorrectly applying 
the thermostat would strongly influence the observed the steady state flux in zeolites. Although this 
limitation can be avoided by treating the adsorbent flexible, or using the local thermostat, such as 
the Andersen thermostat, in the interfacial surfaces between the gas phase and the adsorbent. No 
matter how, the penalties of computational expense will be applied. The intrinsic drawback of 
DCV-GCM is the high computational expense, which involves the GCMC and the MD simulations 
simultaneously. Combined with the above disadvantages, it is clear that DCV-GCMD is not the best 
choice to cover this issue, especially for rather long CNTs.   
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2.5.1.2. Gravity-Driven Method 
Motivated by charactering the behaviours of nanoscale fluid flow, which deviates significantly from 
that predicted by the continuum theory (Navier-Stokes equations) [98] due to the high degree of 
confinement and the size scale effect, the gravity-driven method was proposed to force the fluid to 
flow through the nanopores. In this method, a gravity-like field is uniformly applied in the fluidic 
system, acting like a real pressure gradient, and the particles are driven by this field. Although this 
method is mainly used to examine the streaming velocity distributions [99] and the velocity 
slippages (boundary conditions for Poiseuille flow in cylindrical pores) [100] on the wall for dense 
(uncompressible) fluids, it provides a direct way to generate the desired pressure gradient. 
Intuitively, the biggest advantage of this method is its low-computational expense compared to the 
DCV-GCMD method, which allows it to be applied in big systems. However, in order to generate 
an appropriate streaming velocity in the nano channel, the applied gravitational field is 
unrealistically high (>109 m/s2) [3] in previous studies. While this will not be a problem for 
uncompressible fluids, but in terms of the separation of CO2 from flue gas and natural gas at 
ambient temperature and atmospheric pressure, such a high force field will eliminate the density 
gradient of the fluid. As CO2 approaches its critical temperature, 304cT K , a slight pressure 
difference will induce great density deviations. It is noted that the transport diffusivity is dependent 
on the density of the fluid [101] in confined space. So, as the density gradient observed in this 
method is not correct, there is no way to obtain the correct diffusivity and Fickian flux. Therefore 
the evaluation of the surface barriers would also be problematic. Liang et al. [102] and Frentrup et 
al. [97] tried to develop a modified gravity-driven method which, instead of applying the field on 
the whole system, applies the field only in a specified buffer region. In this case, the gravitational 
force must be even greater in order to generate the same streaming velocity, and the induced unreal 
density distribution cannot be correct either. Eventually, only after a way to apply the external force 
in a justified way is developed, the gravity-driven NEMD method will be an efficient method to 
study the interfacial barriers.     
2.5.1.3. Fluidized Piston Model  
Another NEMD approach proposed by Itsuo et al. [101] is the fluidized piston model (FPM), in 
which an external gravity-like field is imposed only to the fluid located in the upstream region, and 
this region then acts as a fluidized piston that continuously maintains the flux. As pointed out by 
Hanasaki this method is designed for the dense fluid, so for the inhomogenous fluid, this method 
will face the same problem as gravity-driven method. Besides, the principle behind this approach is 
rather complex, and the computing expense is much higher compared to the gravity-driven method.  
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Sharing a similar idea, Takaba et al. [103] developed a pressure control method, which can be 
realized by imposing different external forces on two separated fluctuating walls to generate a 
constant pressure difference. So the fluid existing in the flow region connecting the two source 
regions is driven to flow and used to finish the statistic. Using this method, Wang et al. [104] 
studied the liquid water flowing through the CNTs, and found that the fast flow of water in CNTs 
cannot be represented by the Hagen-Poiseuille or Navier-Stokes equations. Nevertheless, this 
approach is limited to a dense or liquid fluid, and the maximum simulation time is limited by the 
distances of the two fluctuating walls to the source region.   
2.5.2. EMD Approach    
As reviewed above, all the obstacles for applying the existing NEMD approaches to assess the 
surface barriers of CNTs lie on two aspects, one is the unacceptable computational cost, and the 
other is the incorrect density distribution of fluid in the CNT. The local equilibrium flux method 
(LEFM) proposed by Newsome et al. [13] tried to avoid these two drawbacks with respect to some 
approximates in the derivation. This method is based on the concept of the one-way flux. In an 
equilibrium system, the one-way fluxes crossing an arbitrary plane from the left to right and from 
the right to left are equal, eqj j j    , so that the net flux is zero. Thus, the flux driven by a 
pressure gradient can be assessed by the difference of the one-way fluxes corresponding to the 
individual pressures.  
 
Figure 2-6. Schematic view of the one-way LEMD method 
Shown in Figure 2-6, applying two different pressures on each bulk region, a nonzero net flux will 
be generated. At the entrance side, the flux J can be written as  
 
1( ) ( )
eq eq
feed surfJ j P j P   (2-81) 
where
feedP  is the actual gas-phase pressure outside the carbon nanotube. Due to the entrance 
surface resistance, there exists an enhanced pressure drop at the interface of adsorbate-CNT as 
adsorbate molecules entering the CNT. Consequently, the pressure of the adsorbate located at the 
entrance boundary layer but inside the CNT is assumed to be
1surfP , which is of course an effective 
pressure and is not known a priori. Now we introduce the first approximation that 
1surfP  is viewed as 
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a perturbation about 
feedP  by writing 1surf feedP P P  , and the function of one-way flux, ( )
eqj P , is 
in a linear form within this pressure perturbation. Then the one-way flux 
1( )
eq
surfj P can be written as 
 
1( ) ( )
feed
eq
eq eq
surf feed
P
dj
j P j P P
dP

 
   
 
 (2-82) 
Combining eqn. (2-81) and eqn. (2-82), the net flux is given as 
 
feed
eq
P
dj
J P
dP

 
  
 
 (2-83) 
At steady state, the flux that exists inside the CNT must be equal to the flux across the entrance 
interface, which can be integrate from 
1surfP to 2surfP  via Fick’s law 
 
1
2
,inf
1
( )
surf
surf
c
t inite
c
J D c dc
L
   (2-84) 
here
1surfc  is the actual concentration of the adsorbate equilibrated with an effective bulk phase at the 
pressure 
1surfP , which can be determined by the GCMC simulations or other alternative ways [105]. 
Analogous to the entrance pressure drop, as the adsorbate molecules desorb from the CNT and enter 
the permeate phase, the exit resistance also generates an enhanced pressure drop compared to that in 
the basal CNT. Hence, the effective pressure at the exit surface is
2surfP , and the corresponding 
concentration of the adsorbate is 
2surfc . ,inf ( )t initeD c is the transport diffusivity of fluid inside the 
infinitely long CNT. So the flux given in eqn. (2-84) is actually integrated in the CNT within two 
effective densities. At first, the surface resistance at the exit interface is assumed to be zero. With 
this simplification, the adsorbate density 
2surfc should be equal to the adsorbate concentration 
equilibrating with the permeate phase, 
2surf permc c . Further, recast equation (2-84) into the form 
 
1
,inf ( )
surf
perm
c
t inite
c
JL D c dc                  (2-85) 
,inf ,inf( ) ( )
feed feed
perm virtual
c c
t inite t inite
c c
JL D c dc D c dc                                         (2-86) 
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In the case that excludes the surface resistance, the pressures at the interfacial surfaces should be 
equal to the pressures of gas phases, 
1feed surfP P , 2perm surfP P , and the first term in r. h. s. of eqn. 
(2-86) is hence equivalent to Fickian flow, that ,inf ( )
feed
perm
c
Fick t inite
c
J L D c dc  , feedc and permc are the 
adsorbate concentrations in the CNT, equilibrated with the feed gas phase and the permeate phase, 
respectively, and 
,inft initeD is the diffusivity in an infinitely long CNT. Note, in order to make the 
flux, J in the equation (2-86), equal to the flux give in eqn. (2-83), a virtual density virtualc is 
introduced in eqn. (2-86), to guarantee the consistence between these two equations. So equation (2-
86) is rewritten as 
 ,inf ( )
feed
virtual
c
Fick t inite
c
JL J L D c dc    (2-87) 
The last term in the r. h. s. of equation (2-87) is actually extrapolated to the entrance interfacial 
barrier. Now, introduce the second approximation that the transport diffusivity, 
,inft initeD  does not 
change rapidly with the concentration within the density range from virtualc  to feedc . The last term in 
the r. h. s. of eqn. (2-87) is given as  
 
1
,inf ,inf( ) ( )
feed
surf
c
t inite t inite feed
c
D c dc cD c  (2-88) 
Using the first approximation, 
1
eqdj
dP
 , so 1J P   . Equating eqn. (2-83) and eqn. (2-87), we 
are obtaining  
 
1 1 ,inf( ) ( )
feed
entrance Fick virtual t inite feed
P
dP
P c L J L c D c
dc
        (2-89) 
However, when the pressure drop between the two bulk reservoirs are very small, i.e. 
feedP ~ permeatP , 
entrancec is assumed to be equal to virtualc by the authors, entrancec = virtualc . Recalling equations of 
(2-78) and (2-79), the ratio of the entrance surface resistance to the intracrystalline resistance is   
 1 ,inf
int
1
( )
1
feed
surf t inite feedFick
ra
P
R D cJ
R J dP
L
dc

  
 
 
 
 (2-90) 
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This is just for the case that excludes the exit surface barrier. However, taking the same derivation, 
the ratio of the exit surface resistance to the intracrystalline resistance is written as 
 2 ,inf
int
2
( )
perm
surf t inite perm
ra
P
R D c
R dP
L
dc


 
 
 
 (2-91) 
Adding these two equations up, the ratio of the total surface resistance to the intracrystalline 
resistance is determined as  
 ,inf ,inf
int
1 2
( ) ( )
feed perm
surf t inite feed t inite perm
ra
P P
R D c D c
R dP dP
L L
dc dc
 
 
   
   
   
 (2-92) 
where,
1 2surf surf surfR R R  , with 1surfR , 2surfR representing the entrance and exit interfacial 
resistances, respectively, and the coefficients,  1 and 2 are determined from the one-way fluxes at 
the entrance and exit boundaries separately, which, though, should be equal to each other. Above is 
the detailed derivation of this LEMD approach. In equation (2-92) the coefficient  can be 
approximated by a series of EMD simulations, correlating the one-way equilibrium flux linearly 
with the pressure, at the interfacial boundaries. The transport diffusivities with respect to the 
pressure of the feed gas and the permeate gas can also be determined via the EMD and GCMC 
simulations. In summary, the desired result of 
surf feedR R can completely be obtained within EMD 
simulations, although the computational expense is considerable too. Using this approach, 
Newsome et al. [13] showed that the prediction for the ratios of the surface resistance to the 
intracrystalline resistance in zeolites estimated from this approach were 3 factors lower than the 
results of DCV-GCMD simulations. They further used this approach to detect the surface resistance 
for CH4 flowing through (20, 0) CNTs, and showed the surface resistance couldn’t be neglected 
until the length of the CNT reached to 5-10 m  [106].  
However, this LEFM only provides a way to qualitatively measure the ratio of the interfacial 
resistance to the intracrystalline resistance, which hasn’t reached the goal of quantitatively 
calculating the interfacial barriers and the transport diffusivities of fluid in the finite. Besides, the 
assumptions held by this method are too rough to deliver the justified results. The whole method is 
established by assuming the net flux at the interface is equal to the difference between two specific 
one-way fluxes corresponding to two individual pressures. However, this assumption has not been 
validated by the authors in the whole derivation. Since the streaming velocity is related to the 
movement of the center of mass of fluid, the difference of the one-way fluxes may not be 
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responsible for the streaming velocity as they are more related to the thermal motion of the fluid 
molecules. The second assumption that the one-way flux is a linear function of the pressure is only 
limited to the very low pressures, which is observed in our simulations. Third, the virtual pressure 
drop, 
feed virtualP P , that is extrapolated to virtualc has been assumed to be equal to the pressure drop 
at the interface
1feed surfP P , provided that entrancec = virtualc . To sum up, a new novel EMD method 
that excludes all those assumptions is still requested to tackle the interfacial barriers issue.  
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3 Molecular Simulation of CO2 Adsorption in the Presence of Water in Single-
walled Carbon Nanotubes 
A fundamental factor that determines the performance of carbon nanotubes (CNTs) in gas 
separation is their adsorption capacities for the target species. Since gas streams from which carbon 
dioxide is separated are humid, the effect of water on the adsorption of carbon dioxide in CNTs 
needs to be explicitly investigated. Therefore, the adsorption of carbon dioxide in the presence of 
water in single-walled carbon nanotubes is studied in this chapter using Monte Carlo simulation, at 
300, 325 and 350 K. We also investigate the influence of the diameter and chirality of the nanotubes 
on the adsorption isotherms of CO2. It is observed that increasing the nanotube diameter from 1.36 
nm (10, 10) to 2.03 nm (15, 15) leads to enhanced CO2 capacity, while change in chirality has little 
effect on the adsorption capacity of carbon nanotubes. Our results show that the influence of 
preadsorbed water on CO2 adsorption is dependent on both the effects of excluded volume and 
H2O-CO2 interactions. The maximum adsorbed amount of CO2 decreases linearly with the loading 
of water, and drops more rapidly in narrower nanotubes. The structure of water in hydrophobic 
nanopores is in the form of hydrogen-bonded clusters, and its adsorption does not affect the 
arrangement and orientation of CO2 molecules (i.e. it does not affect the mechanism of CO2 
adsorption). The average size of water clusters coexisting with CO2 depends strongly on the 
adsorbed amount of CO2; however, it is shown that splitting large water clusters into smaller ones 
can lead to significant enhancement of CO2 adsorption, due to the resulting stronger water-CO2 
interaction. The maximum percentage increase in the excess adsorption of CO2 is as high as 53.4% 
when a single cluster is split into multiple smaller clusters. This finding demonstrates that the 
efficiency of CO2 capture from flue gas can be significantly improved by controlling the structure 
of coexisting water in carbon nanotubes.  
3.1. Introduction  
The escalating level of atmospheric carbon dioxide which has increased by 100 ppm since the start 
of the industrial revolution represents one of the primary environmental issues facing humanity [1, 
2].  It is well-recognised that the main source of CO2 emissions is fossil fuel combustion in power 
plants, particular in coal-fired power plants [3]. Hence, technologies for capture and storage of CO2 
(CCS) from flue gas are being examined worldwide, as an option to stabilize the atmospheric CO2 
at a level that could minimize the impact on the global climate. Among the various CO2 capture 
technologies, adsorption and membrane separation have been recognized as the most mature 
processes so far, receiving the greatest attention for low energy requirements. The U.S. Department 
of Energy (DOE) aims to achieve 90% CO2 capture at an increase in the cost of electricity of no 
more than 35% by 2020 [4]. As a result, many possible materials have been investigated for CO2 
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adsorption, including zeolites, activated carbon, metal-organic frameworks (MOFs), nanopores 
silica-based molecular baskets, and single-walled carbon nanotubes (SWCNTs) [5-11]. 
Since the discovery of SWCNTs by Iijima [12], they have been demonstrated to possess unique 
electronic, mechanical, and structure properties due to their thermal and chemical stability. The high 
specific surface area of carbon nanotubes CNTs, greater than 1000 m2/g, gives them intrinsic 
advantages for CO2 capture. Moreover, the transport properties of molecules in CNTs have been 
studied extensively, and a common conclusion has been obtained that the transport diffusivities of 
light gas including CO2 in CNTs can be orders of magnitude faster than comparable diffusivities in 
polymeric pores, zeolites and other nanoporous materials [13-15]. The rapid nature of diffusive 
transport in CNTs is due to the smoothness of the potential-energy surface defined by the CNTs and 
the resulting low Maxwell reflection coefficients [16]. In addition to the superior transport 
properties offered by CNTs, they have been experimentally found to possess CO2 adsorption 
capability twice that of activated carbon [17]. The simultaneous combination of favourable 
transport properties and high CO2 adsorption capacity makes CNTs one of the most promising 
materials for capturing CO2 from flue gas.  
Generally, the flue gas generated by coal-fired power plants comprises N2 (70−75%), CO2 (15−
16%), H2O (5−7%), and O2 (3−4%) [18], and the ability of CNTs for separating individual 
components from the mixtures has been extensively studied [19-22]. Using grand canonical Monte 
Carlo (GCMC) simulations to investigate the competitive adsorption between CO2 and N2 on 
SWCNTs at 0.15MPa, Seyedeh et al. [19] showed that the selectivity of CO2 over N2 is a decreasing 
function of temperature, and at 300 K the separation factor is considerably larger than that reported 
for activated carbon membranes. Subsequently, the selectivity of CO2 over O2 was investigated by 
Kowalczyk [20], who showed that the equimolar separation factor is higher than 10 below a 
pressure of 1 MPa, indicating strong preference for CO2 adsorption. The adsorption of CO2 in the 
presence of the above nonpolar gases has been extensively investigated in the literature. However, 
much less information related to the influence of water on the adsorption process of CO2 in the 
carbon nanotubes is available, which is critical to CCS applications.  
In zeolites, the presence of water significantly decreases the adsorption of CO2 because water 
competitively adsorbs on the cations, blocking access for CO2. [23] Jian et al. [24] experimentally 
studied the adsorption of mixture CO2/H2O in two MOFs at ambient temperature, and found that 
adsorbed water vapor had insignificant influence on the adsorption of CO2 in these two MOFs. 
Interestingly, Yazaydin et al. [25] reported simulation and experimental results demonstrating 
enhanced CO2 capacities in Cu-BTC in the presence of water molecules coordinated to open-metal 
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sites in the framework, and attributed this enhancement to H2O-CO2 Coulomb interactions. For 
activated carbon, the presence of water reduces the adsorption of CO2 due to the formation of CO2 
hydrates at 275 K, which was reported by Sun et al. [26] in their experimental results. Billemont et 
al. [27] later also found the existence of CO2 hydrates in their experimental work, and suggested 
that the presence of water leads to a large decrease in the CO2 adsorption capacity of activated 
carbons. As a result of the different effects of presence water on CO2 adsorption in the above 
traditional CO2 capture materials, it is of interest to investigate the competitive adsorption in 
SWCNTs. Due to the nonfavorable CO2-H2O and H2O-carbon surface interactions, water molecules 
are known to always form isolated clusters in carbon nanopores [28-31]. Although there is much 
existing literature on the effect of the presence of water on CO2 adsorption [10, 23, 24, 29, 32],  
there is little information of the change of the arrangements and orientations of the adsorbed CO2 
molecules located in the CNTs in the presence of water, which hence will be discussed in the 
present work. In addition, another issue is always neglected by most people that the sizes of those 
water clusters coexisting with the adsorbed CO2 are not invariable as the adsorbed amount of CO2 
increases, and different water cluster structures located in the nanopore could in turn lead to 
different effects on the adsorption process of CO2. Anyhow, the behaviour of the discrete water 
clusters coexisting with the adsorbed CO2 and its influence on the adsorption of CO2 in the CNTs is 
presented in this work.  
We report here a GCMC simulation study of the adsorption of CO2 in (10, 10) and (15, 15) 
SWCNTs in the presence of water, investigating the role of water clusters. Three temperatures are 
considered (T=300 K, 325 K and 350 K) to examine the effect of temperature on the adsorption of 
CO2 in SWCNTs. The isotherms for pure CO2 and mixtures of CO2/H2O are studied to examine the 
effect of the presence of water on the adsorption of CO2 in SWCNTs. In addition, the behaviour of 
water clusters is studied to gain insight into the effect of water cluster size on the adsorption of CO2. 
3.2. Simulation Details 
3.2.1. Interaction Models 
We performed atomistic simulations with multisite potential models to account for adsorbate-
adsorbate and adsorbate-adsorbent interactions. The three site EPM2 model of Harris and Yung [33] 
has been reported to give accurate value of the zero-coverage isosteric heat for CO2 adsorption on 
SWCNTs [34, 35], and was employed here to model the interactions of CO2 with its neighbours and 
with the adsorbent. The EPM2 model represents CO2 as a linear molecule having three Lennard-
Jones (LJ) sites, with each site carrying a partial charge. The potential parameters are given in Table 
3-1. The SPC/E water model is designed to fit the density of liquid water [36], and was chosen to 
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describe the water molecules in this work. In this model, water is represented as a rigid molecule, 
with a positive partial charge on H atoms and a negative partial charge plus an LJ interaction on the 
O atom. The distance between the H and O atoms is 0.1 nm, and the H-O-H bond angle is 109.47. 
The water-water interaction potential parameters are listed in Table 3-1. In order to describe the 
interactions of an adsorbate molecule with its neighbours, the LJ and Coulomb potentials were 
adopted to calculate the dispersive and electrostatic interactions respectively. The site-site 
interactions for the H2O-H2O, CO2-CO2 and H2O-CO2 pairs are expressed by  
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where iq and jq are the partial charges on sites i and j of the two molecules, H is the length of the 
carbon nanotube, 0 is the permittivity of free space ( 120 8.8543 10
 
2 /C J m ), 
ijx , ijy and ijz are 
the Cartesian components of the inter-particle distance 
ijr with ijz  being the axial coordinate along 
the nanotube.  
Typically, carbon nanotubes are modelled as a graphite sheet wrapped into cylindrical shape. The 
carbon nanotubes used in this work are treated as rigid structures, and each carbon atom is 
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represented as a LJ sphere. The interaction parameters of carbon nanotubes are shown in Table 3-1. 
Since only the dispersive interactions were taken into accounted, the interactions of each carbon 
atom in the nanotube with each LJ site of CO2 and H2O can be obtained by 
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In eqn. (3-3), 
sfr is the distance between the carbon atom in the carbon nanotube and a site on the 
adsorbate molecule, i.e. CO2 and H2O, sf and sf are the nanotube-adsorbate LJ interaction 
parameters which are defined by the Lorentz-Berthelot combining rules. 
Table 3-1. Lennard–Jones parameters and partial charges for the SPC/E H2O, EPM2 CO2 and the 
rigid carbon nanotube. 
Molecule   (K)  (nm) q (e) l (nm)   (deg) 
Carbon dioxide      
C—C 28.129 0.2757 +0.6512   
O—O 80.507 0.3033 -0.3256   
C—O 47.588 0.2895  0.1149  
O—C—O     180.0 
Water   
 
   
O—O 78.229 0.3169 -0.8476 
 
  
 
 
 
H—H 
 
  +0.4238   
O—H 
 
 
   0.1  
H—O—H 
 
 
    109.47 
Carbon nanotube     
C-C 28.0 0.34    
3.2.2. Monte Carlo Simulation 
We performed GCMC simulations of the adsorption of CO2 in (10, 10) and (15, 15) SWCNTs at 
300 K, 325 K and 350 K. The corresponding tube diameters are 1.356 and 2.034 nm respectively. In 
order to ensure that there are sufficient number of CO2 adsorbed in the nanotube at low pressure, the 
lengths were set to 24.93 nm and 15.10 nm respectively for (10,10) and (15,15) carbon nanotubes. 
During these simulations the adsorbate chemical potential a and the system volume V and 
temperature T were kept constant. The number of adsorbate molecules was allowed to fluctuate, as 
also as the location and the orientation of each adsorbed molecule within the nanotube. The 
adsorption isotherm of CO2 was obtained by implementing GCMC simulation，including three 
typical trial moves, insertion, deletion and displacement of particles. The numbers of insertion and 
deletion attempts were set equal throughout our simulations to maintain microscopic reversibility. 
For the purpose of providing more readily understood results, the GCMC simulations for the bulk 
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phase CO2 were repeated in a cubic box of size 8.0 nm within the fugacity of 30 bar, and the 
resulting equilibrium pressures and densities of bulk CO2 were used to estimate the excess 
adsorption isotherms of CO2 as the function of the pressure of CO2, following the expression [39] 
 ( , )exc b ad bT                                                        (3-4) 
where ad  is the density of CO2 adsorbed in the carbon nanotube, b  is the density of bulk CO2, 
which is determined  by the bulk simulations, exc is the excess adsorbed amount of CO2, and T is 
the environmental temperature. 
To study the influence of water on CO2 adsorption in carbon nanotubes, a different approach was 
introduced in this work to obtain the isotherms for CO2 adsorption in the presence of water. Briefly, 
we fixed a certain number of water molecules within the nanotube, and then conducted the GCMC 
for the CO2 adsorption. Throughout the simulation, the number of water molecules is fixed while 
these water molecules are allowed to move and swap identity with carbon dioxide molecules in 
order to equilibrate the whole system more efficiently.  For the identity swap, we randomly choose 
a water molecule and note its identity. We then remove that water molecule out of the nanotube and 
insert a carbon dioxide molecule with a random orientation in its position. In order to maintain 
microscopic reversibility, we randomly choose another carbon dioxide molecule and insert a water 
molecule with random orientation to replace it. The acceptance probability for swapping molecules 
followed the prescription of Crackenll et al. [40]. Moreover, the isosteric heat of adsorption 
presented in this work was calculated following the expression [41]  
2st
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 
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                                                (3-5) 
where N is the total number of adsorbed CO2 molecules, U is the system potential energy, k is the 
Boltzmann constant, T is the system temperature, and the angular brackets represent ensemble 
averages.  
3.3. Results and Analysis  
3.3.1. Effect of Temperature and Nanotube Diameter on CO2 Adsorption in SWCNTs 
We first performed the simulations of CO2 adsorption in (10, 10) carbon nanotubes at 300 K, 325 K, 
and 350 K to examine the effect of temperature on the adsorption of CO2. The simulated excess 
adsorption isotherms are depicted in Figure 3-1(a), and agree quantitatively with the simulation 
results of Skoulidas et al. [15] for the ambient temperature studied by these authors. It is seen that 
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the isotherm curves for CO2 adsorption at different temperatures are of type Ιin the IUPAC 
classification [42], indicating that temperature does not play a crucial role in this temperature range. 
As seen in Figure 3-1(a), the excess adsorbed amount of carbon dioxide decreases with increase of 
temperature, which is due to the exothermic nature of the adsorption process [32]. We note that, at 
300 K, the pressure at which CO2 fills the nanotube is P~ 5.0 bar, which is far below the bulk 
saturation vapour pressure Ps = 55.2 bar at ambient temperature. This filling pressure is still much 
lower than the previous molecular simulations reported by Billemont et al. [29], who showed that 
CO2 filled a carbon slit of width 1.4 nm at a fugacity of f ~ 15 (pressure is around 16.6 bar) bar at 
300 K. The reduced pore filling pressure in the CNT is indicative of the stronger interaction, which 
enhances the capillary condensation effect [43]. Close inspection of the isotherm curves shows that 
before pore filling, the excess adsorbed amount of CO2 increases steeply with the increase of 
pressure. However, once the filling pressure is reached, the excess adsorbed amount of CO2 
increases only slightly and even starts to decrease as the pressure increases further, as saturation is 
approached.  
  
Figure 3-1. (a) Excess adsorption isotherms, and (b) variation of isosteric heat of adsorption with 
loading, for CO2 in (10, 10) SWCNT at temperatures of 300 K, 325 K and 350 K. 
Figure 3-1(b) plots the isosteric heat as the function of the adsorbed amount of CO2 in the nanotube, 
and shows that the isosteric heat is in an increasing function of the loading of CO2 at the 
temperature examined. The zero-coverage isosteric heat stq  for CO2 adsorption in (10, 10) carbon 
nanotube obtained in this work is 20.5 kJ/mol, which is quite similar with the experimental results 
reported by Bienfait et al [34]. These authors found the zero-coverage isosteric heat for CO2 
adsorption in the interstitial channel of single-walled carbon nanotube bundles having the average 
diameter of 1.7 nm is 
stq =22.5 kJ/mol; the similarity of the stq s indicates significant degree of 
homogeneity between the inner and exterior surfaces of SWCNTs. It is interesting to note that the 
60 
 
isosteric heat curves for different temperatures are quite similar. Generally, the isosteric heat of 
adsorption is dependent on the nanotube-fluid and fluid-fluid interactions. At fixed CO2 loading, the 
isosteric heat is mainly affected by the locations and orientations of the carbon dioxide molecules 
occupying the nanopore. However, considering the high degree confinement of (10, 10) nanotube, 
in which CO2 can only form a monolayer and an addition single chain structure in the interior after 
pore filling, the differential in orientations and locations of adsorbed CO2 may not be expected to 
play a significant role on the nanotube-fluid and fluid-fluid interactions.  
 
Figure 3-2. Variation of CO2-CO2 and CO2-CNT interaction energies with loading in (10, 10) 
nanotube, from GCMC simulations at 300 K and 350 K.  
To assess the validity of this interpretation, we examined interaction energies from GCMC 
simulations by computing the decrement in the system potential energy on inserting a CO2 molecule; 
this energy comprises CO2-CO2 and CO2-nanotube components. The interaction energies are 
obtained as the ensemble average of the potential energy decrement. Figure 3-2 depicts the 
interaction energies as the function of the loading of CO2 for the (10, 10) nanotube, split into CO2-
CO2 and CO2-nanotube components, for 300 K and 350 K. It is shown that for the high degree 
confinement of this nanotube, the isosteric heat stq  is mainly contributed by the CO2-nanotube 
interactions within the loading range reported in Figure 3-2. However, the CO2-CO2 interactions are 
mostly responsible for the increase in the isosteric heat. We note that on increasing the loading of 
CO2, the CO2-nanotube interaction energy increases, implying that CO2 preferentially adsorbs on 
the surface of the nanotube at low pressure, and subsequently begins to fill the nanotube as the 
pressure is increased. It is interesting to note the increase of the CO2-CO2 interaction energies after 
the loading of CO2 reaches a certain value in the (10, 10) nanotube. Our simulations show that at 
high loading, CO2 molecules occupy the nanotube densely, and the average separate distance 
between two molecules reduces. Figure 3-3 presents the radial distribution functions (RDF) of CO2 
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for different temperatures and loadings. It is shown that when the loadings of CO2 are 8.12 
mmol/cm3 and 8.24 mmol/cm3 for 300 K and 350 K, the corresponding RDFs are quite similar. This 
similarity, combined with the results for the interaction energies shown in Figure 3-2, confirms that 
the differential in locations and orientations of CO2 at a given loading for different temperatures 
does not have significant influence on the CO2-CO2 interaction energies as well as the isosteric heat 
stq . On increasing the loading of CO2 from 8.12 mmol/cm3 to 12.41 mmol/cm3 at 300 K, the peak 
of the radial distribution function shifts from r = 0.41 nm to r = 0.39 nm, indicating that higher 
chances for CO2 molecules lying in the LJ repulsion region at the high loading, and the enhanced 
repulsive interactions are expected to be mainly responsible for the increase in the CO2-CO2 
interaction energies. The slight difference in CO2-CO2 and CO2-nanotube interaction energies 
between 300 K and 350 K explains the similarity of the isosteric heat stq s. As a result, the isosteric 
heat stq  in the narrow (10, 10) SWCNT is not affected significantly by change of system 
temperature.  
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Figure 3-3. Radial distribution function of CO2 in (10,10) CNT at different temperatures and 
loadings: 8.12 mmol/cm3 at 300 K; 8.24 mmol/cm3 at 350 K and 12.41 mmol/cm3 at 300 K. 
Figure 3-4(a) shows that increasing the diameter of the nanotube from 1.36 nm (10, 10) to 2.03 nm 
(15, 15) enhances the volumetric adsorption capacity of CO2 at 300 K. Thus, increasing the 
diameter (cross-sectional area) of carbon nanotubes may be the essential factor that promotes the 
volumetric CO2 adsorption in single-walled carbon nanotubes [11], in this size range. In support, we 
simulated the CO2 adsorption in (15, 4) carbon nanotube which has essentially the same diameter 
size as a (10, 10) carbon nanotube, but a different chiral angle. Our simulation results showed that 
the isotherms for CO2 adsorption in (10, 10) and (15, 4) carbon nanotubes to be quantitatively 
similar, confirming the negligible influence of chirality on the CO2 adsorption process. Since the 
diameter size and the chirality are the only two factors that may affect the internal adsorption of 
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CO2 in idealized single-walled carbon nanotubes, these results demonstrate that the tube diameter is 
the essential factor that determines the adsorption capacity of carbon nanotubes. However, the 
effective diameters available to adsorbed CO2 molecules are actually less than the values reported in 
section 3.2.2, and can be estimated from the nominal diameters by subtracting the LJ diameter of 
one carbon atom, 0.34 nm. Thus, the corresponding ratios of the effective cross-sections for (10,10) 
and (15,15) carbon nanotubes are 56.14% and 69.36%, and the enhanced adsorption capacity is 
partly attributed to the increased fraction of available volume. 
  
Figure 3-4. (a) Excess adsorption isotherms, and (b) variation of isosteric heat of adsorption with 
loading, for CO2 at 300 K in (10, 10) and (15, 15) carbon nanotubes.  
Figure 3-4(b) depicts the variation of the isosteric heat of adsorption with adsorbed amount of CO2, 
showing the isosteric heat stq  of CO2 adsorption in the (10, 10) carbon nanotube to be much higher 
than in the (15, 15) carbon nanotube. This is because the high degree of the confinement in the (10, 
10) SWCNT leads to stronger nanotube-fluid interactions than in the (15, 15) SWCNT [44], shown 
in Figures 3-2 and 3-5. While pore filling occurs at P ~ 5 bar in (10, 10) carbon nanotubes, the 
corresponding filling pressure for (15, 15) carbon nanotubes shifts up to 10.7 bar with the adsorbed 
CO2 amount
2CO
 =10.76 mmol/cm3. The increased filling pressure is actually related to the 
increased CO2 adsorption capacity of (15, 15) carbon nanotubes, requiring larger amount of CO2 
molecules to fill the nanopore. We also find that the isosteric heat distribution for (15, 15) nanotube 
constitutes of two stages, before and after pore filling. When the adsorbed amount of CO2 is lower 
than
2
10.76CO  mmol/cm
3, the isosteric heat stq  increases weakly with increase in loading. After 
CO2 filling of the nanotube, the isosteric heat rises more rapidly with increase of the adsorbed 
amount of CO2, indicative of stronger CO2-CO2 interaction compared to the CO2-CNT interaction; 
this results from CO2 molecules packing more closely in the nanopore at high degree of filling. 
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Figure 3-5. Variation of CO2-CO2 and CO2-CNT interaction energies with loading in (15, 15) 
nanotube at 300 K, from GCMC simulations 
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Figure 3-6. Radial distribution function of CO2 in (10, 10) and (15, 15) nanotube at a pressure of 
37.6 bar and temperature of 300 K. 
Figure 3-5 depicts the CO2-nanotube and CO2-CO2 interaction energies for the (15, 15) carbon 
nanotube. As discussed above, CO2 molecules first adsorb on the surface of the carbon nanotube 
and subsequently fill the nanopore. However, considering the reduced confinement of (15, 15) 
carbon nanotubes, our simulations show that while the CO2-nanotube interaction energy increases 
more rapidly with increase of the loading of CO2, in contrast the CO2-CO2 interaction energy 
experiences a weaker decrease, compared to the (10, 10) carbon nanotube, evident from Figures 3-2 
and 3-5. As a consequence, the total interaction energy changes only slightly in the (15, 15) carbon 
nanotube before pore filling, leading to only slight increase of the isosteric heat stq , unlike the (10, 
10) carbon nanotube, in which the isosteric heat increases rapidly. After pore filling, the CO2-
nanotube interaction energy in the (15, 15) carbon nanotube stops rising and even experiences a 
slight decrease. This indicates that CO2 molecules start packing more closely in the nanotube as the 
loading increases further, which is associated with the decrease in the CO2-CO2 interaction energy. 
Therefore, the isosteric heat increases rapidly after pore filling, resembling the behaviour in the (10, 
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10) nanotube. However, the increase of CO2-CO2 interaction energy, which occurred in the (10, 10) 
nanotube, is not observed in the (15, 15) carbon nanotube over the pressure range considered. 
Figure 3-6 depicts the RDFs of CO2 at 37.6 bar for (10, 10) and (15, 15) carbon nanotubes. It is 
seen that CO2 packs more tightly in the (10, 10) carbon nanotube compared to the (15, 15) carbon 
nanotube, even with lower CO2 loading. Hence, for the larger effective adsorption volume offered 
by the (15, 15) carbon nanotube, CO2 molecules pack more loosely than in the (10, 10) nanotube, 
and this is mainly responsible for the disappearance of the increase in the CO2-CO2 interaction 
energy at high loading above about 9.0 mmol/cm3. However, it may be expected that as the loading 
of CO2 in the (15, 15) carbon nanotube is further increased, the isosteric heat will at some point 
begin to decrease due to the onset of repulsive interactions as the molecules begin to pack tightly at 
high loading.  
3.3.2. Effect of Water on CO2 Adsorption in SWCNTs 
  
Figure 3-7.  Excess adsorption isotherms for CO2 at 300 K in (a) (10,10), and (b) (15, 15) carbon 
nanotubes for different amounts of preadsorbed water. The dark solid lines represent CO2 excess 
isotherms in the absence of water.  
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Figure 3-8. Variation of CO2-CO2 and CO2-CNT interaction energies at 300 K, in (a) (10, 10), and 
(b) (15, 15) carbon nanotube, from GCMC simulations.  
65 
 
  
Figure 3-9. Variation of the maximum adsorbed amount of carbon dioxide with water loading, over 
the temperature range from 300 K to 350 K, for (a) (10, 10) and (b) (15, 15) carbon nanotube.  
We next investigated the influence of preadsorbed water on the adsorption of CO2 in carbon 
nanotubes. The water density is defined here as the mass of adsorbed water molecules divided by 
the volume of the nanopore defined by the nominal tube diameter (carbon center-center) reported in 
section 3.2.2. Figure 3-7 depicts the excess adsorption isotherms of CO2 at 300 K in (10, 10) and 
(15, 15) carbon nanotubes having different amounts of preadsorbed of water. In both carbon 
nanotubes, the adsorption of CO2 monotonically decreases with increase of the amount of water 
molecules, which is in qualitative agreement with the results reported by Billemont et al. [29], who 
found the CO2 adsorption in a carbon slit was reduced by the preadsorbed water. It is interesting to 
note that at relatively low pressure, the presence of water enhances the adsorption of CO2 in 
SWCNTs. As shown in the insets of Figure 3-7 (a) and (b), the excess adsorbed amount of CO2 
increases even more rapidly as the preadsorbed water density increases. As for MOFs and activated 
carbons [24, 25, 29], the enhancement of CO2 adsorption in both carbon nanotubes is essentially 
ascribed to the addition of the enhancement of the adsorption enthalpy of carbon dioxide due to 
water-carbon dioxide interactions. Nevertheless, this effect is less noticeable in the (10, 10) carbon 
nanotube over the pressure range considered. This is not surprising, because the nanotube-fluid 
interactions are much stronger in the (10, 10) carbon nanotube, and effectively screen the much 
weaker water-carbon dioxide interaction. Figure 3-8 depicts the CO2-nanotube and CO2-H2O 
interaction energies in (10, 10) and (15, 15) carbon nanotubes at 300 K at a preadsorbed water 
density of 0.2 g/cm3. It is seen that the CO2-H2O interaction energy is more comparable to the CO2-
nanotube interaction energy in the (15, 15) carbon nanotube than in the (10, 10) carbon nanotube, so 
that preadsorbed water plays a more crucial role on enhancing the adsorption enthalpy of CO2 in the 
larger nanotubes at low pressure, as also on the adsorption of CO2.  On the other hand, CO2 starts 
filling the larger nanotube at higher pressure, at which CO2 tends to occupy the remaining available 
volume of the nanopore. Considering that parts of the volume of the CNT have been occupied by 
preadsorbed water, the adsorbed capacity of CO2 may be expected to reduce due to the loss of 
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adsorption space. As a proof of the excluded volume effect, we determined the critical pressure at 
which the enhancement of the CO2 excess adsorption induced by the added CO2-H2O interactions is 
eliminated by the reduced available adsorption space for (15,15) carbon nanotube. Table 3-2 lists 
these critical pressures, for different amounts of preadsorbed water. It is seen that the elimination of 
the effect of additional CO2-H2O interactions occurs at much lower pressure with increase in the 
density of preadsorbed water. This is essentially attributed to the greater loss of the adsorption space 
at higher amount of preadsorbed water, which dominates over the influence of the H2O-CO2 
interaction at lower pressures. In summary, at low pressure the excluded volume effect is not 
marked, and the adsorption of CO2 is enhanced by the addition of H2O-CO2 interactions. However 
after pore filling, the excluded volume effect due to the presence of water dominates the influence 
on the adsorption of CO2, and the CO2 adsorption decreases significantly. In particular, in the 
narrower (10, 10) carbon nanotube having the smaller effective adsorption volume and higher 
confinement, the influence of the additional CO2-H2O interactions is less significant since the 
excluded volume effect is enhanced. 
Table 3-2. Critical pressure for (15, 15) SWCNT at various water loadings. 
Water density (g/cm3) 0.025 0.05 0.10 0.20 
Critical pressure  (bar)  13.63 10.74 8.48 4.15 
In order to gain further insight into the influence of preadsorbed water on CO2 adsorption, we 
examined the variation of the maximum adsorbed amount of CO2 with the amount of preadsorbed 
water at 300 K, 325 K and 350 K.  In our simulations, the maximum adsorbed amount of CO2 was 
taken at the fugacity of 30 bar (the corresponding partial pressure of CO2 for 300 K, 325 K and 350 
K are 37.6 bar, 35.1 bar and 33.6 bar respectively). For all the temperatures considered, the 
maximum adsorbed amounts of CO2 decrease almost linearly with increase of the loading of 
preadsorbed water, shown in Figure 3-9. However, we note that the effect of preadsorbed water on 
the adsorption of CO2 is more marked in the narrower (10, 10) nanotubes than in (15, 15) nanotubes. 
To describe this finding quantitatively, we calculate the percentage reduction of the maximum 
adsorbed amount of carbon dioxide as the loading of preadsorbed water increases from zero to 0.2 
g/cm3; the results are given in Table 3-3. Specifically, at 300 K the maximum adsorbed amount of 
CO2 in the (10, 10) carbon nanotube decreases from 
2
12.42CO   mmol/cm
3 to
2
7.79CO   mmol/cm
3 
as the water density increases from 0.0 to 0.20 g/cm3. The percentage reduction is as high as 
37.27%. On the other hand, the corresponding reduction for the (15, 15) carbon nanotube is 28.65%, 
which is nearly 10% lower than that in the (10, 10) carbon nanotube. Similar differences of the 
reduction are observed at the temperatures of 325 K and 350 K, shown in Table 3-3.  
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Table 3-3. Percentage reduction of the maximum adsorbed amount of CO2 in (10, 10) and (15, 15) 
carbon nanotubes with water loading. 
 300 K 325 K 350 K 
(10, 10) 37.27%  39.18% 39.16% 
(15, 15) 28.65%  25.73% 23.88% 
 
As discussed above, the influence of pre-adsorbed water on the adsorption of CO2 is a result of the 
competition between the positive effect of gaining the additional water-adsorbate interactions and 
the negative effect of losing the adsorption volume occupied by the water molecules. Therefore, it is 
worth to explore the effect of adjusting the water-CO2 cross interactions on the adsorption of CO2. 
To realize this, we modified the Lorentz-Berthelot mixing rules for the adsorbate-adsorbate cross 
interactions while the adsorbate-host interactions remain untouched, following:  
  
1
2
ij i j    ,  ij i j       ( 1,  for i j )                                      (3-6) 
where  and  are the L-J size and well depth parameters respectively, i and j denote the types of 
L-J particles , and the coefficient  represents the strength of mixed well depth parameter for the 
cross interactions. However,  is always equal to 1 when the types of particles are identical. A 
detail discussion about the effect of varying  from 0.5 to 1.5 on the adsorption of CO2 in the 
presence and absence of pre-loaded water having density of 0.05 g/cm3 in (10, 10) CNT at 300 K is 
shown in Figure 3-10. It is seen at high pressures, the reduction in the adsorption of CO2 due to the 
loss in adsorption volume is weaken when the water-CO2 cross interactions are enhanced, as the 
negative effect of losing adsorption volume is more strongly offset by the enhanced water-CO2 
interactions. At rather low pressures, where the effect of losing adsorption volume is negligible, it is 
observed the adsorption of CO2 is simply an increasing function of the additional water-CO2 
interactions, larger amount of CO2 adsorbed is observed in the CNT having stronger water-CO2 
interactions, shown in the inset of Figure 3-10.   
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Figure 3-10. Excess adsorption isotherms for CO2 at 300 K in (10, 10) carbon nanotubes for 
different strengths of water-CO2 cross interactions. The dark solid lines represent CO2 excess 
adsorption isotherms in the absence of water. 
3.3.3. Structures of Adsorbed Guest Molecules 
To better understand the effect of preadsorbed water upon the structure of CO2, in Figure 3-11, we 
report results for the radial density and the orientation angle profiles for CO2 adsorbed in (10, 10) 
and (15, 15) carbon nanotubes at 300 K. As noted previously, the adsorption process of carbon 
dioxide has two typical stages, before and after pore filling. Thus, the density and angle 
distributions of CO2 at pressure P = 1 bar and P = 37.6 bar are studied to examine the features of 
these two stages. Before pore filling, our results suggest that carbon dioxide molecules 
preferentially adsorb in proximity of the pore wall, forming a monolayer on the carbon surface, as 
seen in Figures 3-11 (a), (e). The angle distributions shown in Figures 3-11 (b) and (f) yield the 
mean values 
2cos 0.42  for CO2 molecules located in these monolayers on the surfaces of (10, 
10) and (15, 15) SWCNTs. This corresponds to an effective orientation angle, , of 
049.5 , where
is the angle between the molecule axis and the axis of the nanotube. These results show that the 
structures of the monolayer CO2 molecules adsorbed on the pore walls within (10, 10) and (15, 15) 
SWCNTs are similar. However, at the centre of the (10, 10) and (15, 15) SWCNTs, the 
corresponding mean orientation angles are 45º and 59.34º respectively. Thus, CO2 molecules near 
the centre of the narrower (10, 10) SWCNT are more likely to be parallel to the axis of the nanotube, 
due to the higher degree of the confinement. It is also noted that, due to the surface curvature, the 
angle distributions of CO2 in the SWCNTs are somewhat different from those in carbon slit pores, 
in which carbon dioxide molecules align better parallel to the slit surface [45]. 
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Figure 3-11. Density and angle distributions of CO2  at 300 K in (10, 10) carbon nanotube at (a), (b) 
1 bar, and (c), (d) 37.6 bar, and in (15, 15) carbon nanotube at (e), (f) 1 bar, and (g), (h) 37.6 bar, for 
different water loadings.   
As seen in Figures 3-11 (a), (b), (e) and (f), the shape of all the density and angle distribution curves 
is unchanged by the presence of water, and resembles that for the adsorption of pure CO2. This does 
reveal that the placement of carbon dioxide molecules on the carbon surface is not affected by the 
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presence of water. Moreover, as seen in Figures 3-11 (a) and (e), while the adsorbed amount of CO2 
is reduced by increasing the loading of water in (10, 10) carbon nanotubes, the adsorbed amount of 
CO2 in (15, 15) carbon nanotubes is enhanced by increasing the amount of preadsorbed water, as 
discussed in section 3.3.2.  
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Figure 3-12.  Radial distribution function of water at 300 K in (a) (10, 10), and (b) (15, 15) carbon 
nanotubes. 
 
Figure 3-13. A snapshot of the distribution of water clusters in (15, 15) carbon nanotube for 
0.025w  g/cm
3 at 300 K and CO2 adsorbed amount of 14.29 mmol/cm
3. 
At a pressure of 37.6 bar, carbon dioxide molecules have filled the nanopore completely and formed 
typical layering structures, evident in Figures 3-11 (c) and (g). After pore filling, the density 
distribution depends strongly on the diameter size of the hydrophobic nanotubes. When CO2 is 
adsorbed in (10, 10) SWCNTs, we observe the formation of one adsorbed monolayer in contact 
with the carbon surface, and a chain of carbon dioxide molecules confined within the first adsorbed 
CO2 monolayer and centred on the pore axis. When CO2 is absorbed in a (15, 15) carbon nanotube, 
the formation of two stable monolayers is observed, while the layering structure disappears in the 
deeper central area of the nanotube. We note that, in both the nanotubes, the mean orientation angle 
for CO2 in the first monolayer close to the wall does not change on increasing the pressure, always 
being around 49.5º. On the other hand, CO2 molecules locate at the centre of the (10, 10) carbon 
nanotube tend to align parallel to the axis of the nanotube as the pore filling increases, which is 
revealed by the reduction in the orientation angle from 45º to 33.2º. Although this effect is not 
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observed in (15, 15) SWCNTs, one can expect that on increasing the pressure until the adsorbed 
amount of CO2 reaches the capacity of the (15, 15) nanotube, the existing CO2 molecules in the 
nanopore will increasingly align parallel to the axis of the nanotube, i.e. pack more tightly as the 
adsorbed amount increases. Similarly, for all the densities of preadsorbed water, the density 
distributions for CO2 resemble those obtained for pure CO2. In addition, the angle distributions are 
quantitatively similar, indicating that the arrangement and orientation of CO2 is not affected by the 
presence of water, and neither is the mechanism of CO2 adsorption.  
As seen above, the adsorbed amount of carbon dioxide is affected by the presence of water via 
water-carbon dioxide interactions. We then examined the structures of preadsorbed water while 
interacting with adsorbed carbon dioxide. In Figure 3-12, we report the results for the RDFs of 
water at 300 K in (10, 10) and (15, 15) carbon nanotubes. We note that for all the densities studied 
in this work, water molecules are always assembled into clusters by the strong hydrogen bonding, 
which is reflected directly by the sharp peaks at r = 0.27 nm in Figure 3-12. To confirm the 
formation of the hydrogen bonded clusters, we also obtained the radial distribution function for bulk 
liquid water at ambient temperature through GCMC simulations. We found the peak of the radial 
distribution function for bulk liquid water also at the location of r = 0.27 nm but having higher 
intensities. Accordingly, water clusters in the nanotube must be assembled by the hydrogen bonding 
as in bulk liquid water although in the confinement of the nanopore leading to the peak intensity of 
the RDF is lower than that for bulk liquid water. To visualize the distribution of water clusters, a 
representative snapshot for water in the (15, 15) carbon nanotube at 300 K after pore filling is 
reported in Figure 3-13, showing the discrete clusters of various sizes located at different positions. 
3.3.4. Water Cluster Size Distribution  
Due to the hydrophobic nanotube-water interactions, water molecules form isolated clusters in the 
nanopore, unlike carbon dioxide which forms layering structures on the carbon surface. Our 
simulated results reveal that before pore filling the water molecules preferentially form larger but 
fewer clusters. On increasing the pressure, carbon dioxide starts filling the nanopore and splitting 
the larger water clusters into many smaller ones. The cluster size in the present work is defined as 
the number of hydrogen-bonded water molecules in the cluster. Two water molecules are 
considered hydrogen bonded when three conditions are satisfied [46]: RO-O < 0.375, RO-H < 0.246 
nm and
0... 30OO OH  . Using these conditions we calculate the average cluster size of 
preadsorbed water at 300 K in (10, 10) and (15, 15) carbon nanotubes with different amounts of 
adsorbed carbon dioxide, i.e. at different pressures of carbon dioxide. Here, the average cluster size 
of water, avk , is determined flowing  [28, 47]: 
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( ) k
conf box
kN
f k
N N
                                                          (3-7) 
1
( )av
k
k k f k

                                                             (3-8) 
where kN  is the total number of clusters having k hydrogen-bonded water molecules found in the 
simulation run and is determined using the Bread-first search algorithm [48], 
confN is the number of 
configurations sampled in our simulations, and boxN is the number of preadsorbed water molecules 
at a given water loading. The function ( )f k describes the existence probability for a cluster having 
k hydrogen-bonded water molecules after the equilibrium simulation run.  
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Figure 3-14. Variation of the average cluster size of water with the amount of adsorbed carbon dioxide at 
300 K for (a) (10, 10), and (b) (15, 15) carbon nanotubes at a water density of 0.1 g/cm3. Lines are guides to 
illustrate the trend. Insets depict the loading dependence of H2O-H2O and H2O-CO2 interaction energies 
Figure 3-14 depicts the variation of the average cluster size with CO2 adsorbed amount at 300 K in 
(10, 10) and (15, 15) carbon nanotubes at a water density of 0.10w  g/cm
3. It is evident that the 
average size of water clusters decreases with increasing amount of adsorbed carbon dioxide. The 
large fluctuations of the average cluster size distribution most likely arise from the small number of 
guest water molecules and of clusters in the nanotube. Thus, when an additional cluster forms in the 
simulation run, it reduces the average cluster size dramatically. At first, carbon dioxide molecules 
form one monolayer in contact with the carbon surface, providing more vacant volume for the 
formation of water clusters. Thus, interference from water-carbon dioxide interactions is not 
significant compared to the internal water interactions, in particular the strong hydrogen-bonding 
interactions. As a consequence, water molecules are assembled into stable and large size clusters. 
After pore filling, carbon dioxide molecules take over all the remaining available volume of the 
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nanopore and split the original large water clusters into many smaller clusters by enhancing water-
carbon dioxide interactions. In support, we demonstrate the variations of the H2O-CO2 and H2O-
H2O interaction energies with the loading of CO2 for (10, 10) and (15, 15) carbon nanotubes in the 
insets of Figure 3-14 (a) and (b). Combined, these results confirm that enhancing the H2O-CO2 
interactions reduces the average size of the water clusters, and these split clusters distribute more 
discretely in the nanotube proved by the gradual reduction in the internal H2O-H2O interactions. 
However, the H2O-H2O interaction energies reported in Figure 3-14 are always lower than -30 
kJ/mol and the average hydrogen bond numbers obtained for (10, 10) and (15, 15) SWCNTs are 
around 2.3 and 2.5 respectively, indicating that strong hydrogen bonding interactions do exist in the 
water clusters. 
Table 3-4. Average water cluster sizes at 300 K in (10, 10) and (15, 15) carbon nanotubes for 
different amounts of preadsorbed water. 
 
 
Water density (g/cm3) 
(10, 10)  (15, 15) 
0.025 0.05 0.10 0.20  0.025 0.05 0.10 0.20 
Before 
filling 
Cluster size  10.44 14.30 26.47 58.84  21.12 35.95 80.70 172.67 
Cluster number 2.97 4.27 4.57 4.11  1.99 2.30 2.04 1.90 
          
After  
filling 
Cluster size 8.40 11.14 19.30 52.45  11.71 26.192 48.03 185.19 
Cluster number 3.68 5.48 6.36 4.64  3.59 3.29 3.43 1.77 
 
Based on the simulation results, we obtained the average water cluster size over the pressure range 
before and after pore filling for a variety of preadsorbed water densities, as shown in Table 3-4. It is 
observed that at fixed density of preadsorbed water, the average water cluster sizes in (10, 10) 
carbon nanotubes are significantly smaller than in (15, 15) nanotubes. This reveals that the high 
degree of the confinement of the nanopore is unfavourable for forming large size clusters. As given 
in Table 3-4, when water density is as high as w =0.20 g/cm
3, the formation of water clusters 
seems not to be affected by the increase of the adsorbed amount of carbon dioxide. This is because 
at such high levels of water density, the excluded volume effect due to the large number of water 
molecules is very strong, and the water-water interactions completely dominate fluid-fluid 
interactions, so that the influence of water-carbon dioxide interactions on water cluster stability is 
unimportant over the pressure range considered. Thus, we can conclude that the average cluster size 
of the water coexisting with adsorbed carbon dioxide in the carbon nanotubes will be reduced by 
enhancing the external interactions of H2O such as with the CO2 and with the nanotube. 
3.3.5. Effect of Water Cluster Size on the Adsorption of Carbon Dioxide 
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Figure 3-15. (a) Excess adsorption isotherms for carbon dioxide with different sizes of water 
clusters, and (b) snapshots of water clusters, in (15, 15) SWCNT. For greater clarity at low density 
the adsorption isotherms for carbon dioxide at low pressure, below 5.2 bar, are depicted in the inset, 
including the percentage increase in the CO2 adsorption, when a single large cluster is spilt into 
multiple smaller clusters. 
Our simulations have shown that enhancing water-carbon dioxide interactions would prevent water 
molecules forming large clusters, which raises the question of whether the water cluster size would 
affect the adsorption of carbon dioxide in carbon nanotubes. To investigate this, we first ran the 
NVT simulations for pure water at ambient temperature in the (15, 15) carbon nanotube to obtain a 
single large water cluster. We then picked two equilibrium configurations of the preadsorbed water 
from the GCMC simulations for the adsorption of carbon dioxide in (15, 15) carbon nanotubes in 
the presence of a fixed amount of water. The first configuration we picked from GCMC simulations 
comprises two individual water clusters while the second configuration contains multiple small 
water clusters. All the configurations obtained from NVT and GCMC simulations comprised an 
equal number of water molecules, having total mass density 0.05w   g/cm
3. Subsequently, these 
clusters were treated as the frozen host particles while conducting the GCMC simulations for 
carbon dioxide, in which water molecules are not allowed to move, acting like being constrained in 
place by the external field. However, fixing the sizes and locations of water clusters simultaneously 
in non-equilibrium systems is somewhat more practical so far, compared to controlling cluster size 
only in equilibrated adsorption. Hence, the resulting excess isotherms for carbon dioxide adsorption 
in (15, 15) carbon nanotube with different sizes of frozen water clusters are depicted in Figure 3-15, 
and the comparison between the equilibrated adsorption of CO2 with free moving water molecules 
and the non-equilibrium adsorption of CO2 with multiple frozen water clusters is also implemented, 
demonstrated in Figure 3-16.  
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Figure 3-16. Excess adsorption isotherms for carbon dioxide in (15, 15) carbon nanotube in the 
presence of multiple water clusters and equilibrated water clusters. For greater clarity at low density 
the adsorption isotherms for carbon dioxide at low pressure, below 5.2 bar, are depicted in the inset, 
including the percentage increase in the CO2 adsorption as the free equilibrated water clusters are 
constrained in the form of multiple frozen clusters.  
Compared to the situation that there is only a single frozen water cluster existing in the nanopore, 
the adsorption of carbon dioxide is enhanced when instead there are multiple frozen water clusters. 
It is found that the enhancement is not significant when the single cluster is split into only two 
smaller clusters, which is due to the insignificant enhancement of the water-carbon dioxide 
interactions. We have noted above that the addition of the water-carbon dioxide interactions would 
facilitate the adsorption of carbon dioxide by increasing the adsorption enthalpy of carbon dioxide. 
Accordingly, the interactions of the water cluster with the neighbouring carbon dioxide molecules 
are more significant than with the distant carbon dioxide molecules due to the rapid decline of the 
dispersive interactions with distance. As a consequence of the reduced interactions of distant carbon 
dioxide with the water molecules, the contribution to the adsorption enthalpy of carbon dioxide 
would be very limited. However, when the single large cluster is split into multiple smaller clusters, 
the enhancement of the adsorption of carbon dioxide becomes noticeable, in particular at low 
pressure, as shown in the inset of Figure 3-15. On the other hand, as demonstrated in Figure 3-16, 
the excess adsorbed amount of CO2 with the split multiple water clusters is still larger than that in 
the equilibrated adsorption allowing water molecules move freely, within the pressure of 13.6 bar.  
The partial pressure of CO2 in ambient pressure flue gas is about 0.15 bar [49]. Therefore, in the 
inset of Figure 3-15, we present the excess adsorption isotherms at relatively low pressure, below 
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5.2 bar, and report the percentage increase in the adsorbed amount of carbon dioxide as the single 
frozen cluster is split into multiple frozen clusters. It is evident that, at low pressure the 
enhancement of the excess CO2 adsorption is quite significant. Particularly, the percentage increase 
observed is as high as 53.4% when the partial pressure of CO2 is 0.1 bar, and subsequently 
decreases to 19.6% when the pressure reaches to 5.2 bar. Within this pressure range, the significant 
enhanced CO2 adsorption is also observed as the free water molecules existing in the equilibrated 
system are constrained in place in the form of multiple frozen clusters, demonstrated in the inset of 
Figure 3-16. The corresponding percentage increase is as high as 44.7% at the pressure of 0.1 bar, 
and subsequently decreases to 8.0% as the pressure reaches to 5.2 bar. These significant 
enhancements of the adsorption indicate that the development of strategies for controlling the 
formation of water clusters may be a useful direction for improving the efficiency of the carbon 
dioxide capture from flue gas.  
3.4. Conclusions 
We have presented a detailed study of CO2 adsorption at 300, 325 and 350 K in (10, 10) and (15, 15) 
SWCNTs in the presence of water. It is found that the isotherm curves for CO2 adsorption at 
multiple temperatures in SWCNTs are of type Ι according to the IUPAC classification, and the 
temperature does not play a crucial role on the type of the adsorption isotherm. Due to the 
exothermic nature of the adsorption process, the adsorption of CO2 decreases with the increase of 
temperature. In addition, because of the high degree of the confinement in (10, 10) nanotubes, the 
isosteric heats of adsorption at different temperatures are rather similar. We find that the adsorption 
capacity of carbon nanotubes is not affected by their chirality, while increasing the diameter 
facilitates adsorption of CO2.  
Our simulations reveal that the influence of preadsorbed water on the adsorption of CO2 in 
SWCNTs involves a competition between the effect of excluded volume and the H2O-CO2 
interactions. At low pressure, the excluded volume effect is not marked, and the adsorption of CO2 
is enhanced by the presence water due to the effect of H2O-CO2 interactions. When the pressure is 
high, and CO2 molecules attempt to fill the nanopore, the excluded volume effect becomes 
dominant and the adsorption of CO2 decreases as the water density increases, due to the loss of 
adsorption space. It is also found that the maximum adsorbed amount of CO2 in SWCNTs decreases 
almost linearly with increase in the density of preadsorbed water, and drops more rapidly in 
narrower (10, 10) nanotubes compared to (15, 15) nanotubes. While preadsorbed water 
preferentially forms isolated clusters within the hydrophobic nanopores, which is attributed to the 
unfavourable H2O-CO2 interactions and strong hydrogen bonding, CO2 forms typical layering 
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structures on the surfaces. However, we find that for all amounts of preadsorbed water molecules, 
the radial density distributions for CO2 resemble those obtained for pure CO2 and the orientation 
angle distributions are quantitatively similar, indicating the presence of water does not markedly 
affect the mechanism of adsorption of CO2 in SWCNTs.  
It is demonstrated that the size of water clusters coexisting with CO2 depends strongly on the 
loading of CO2. The large clusters existing in the nanopore at low pressure are found to split into 
many smaller clusters as the adsorbed amount of CO2 increases. In comparison, water molecules in 
(15, 15) nanotubes are more likely to form larger size clusters than in (10, 10) nanotubes, which 
indicates that the higher degree confinement in the narrower nanopores is unfavorable for forming 
water clusters. For instance, as a limiting condition, in (6, 6) SWCNTs water can only form a 
single-chain structure located at the centre of nanotube [44]. Finally, we find that the adsorption of 
CO2 can be significantly enhanced by splitting large water clusters into multiple smaller clusters. 
When the partial pressure of CO2 is around 0.1 bar, the increase in the excess adsorption of CO2 is 
as high as 53.4%. This finding suggests that the efficiency of CO2 capture from flue gas can be 
improved significantly by developing strategies for controlling the structure of co-adsorbed water in 
SWCNTs.  
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4 Adsorption of CH4 and CH4/CO2 Mixtures in Carbon Nanotubes and 
Disordered Carbons: A Molecular Simulation Study 
Having investigated the adsorption of CO2 in the presence of water in ideal carbon nanotubes 
(CNTs), in Chapter 3, we here report a comparison of the adsorption of CH4 and CO2/CH4 mixtures 
of different composition in three different types of nanoporous carbons including carbon nanotubes, 
and activated carbon fiber (ACF-15) and silicon carbide derived carbon (SiC-DC) having distinctly 
different disordered structures, using Monte Carlo simulation. As in Chapter 3, CO2 is represented 
as a linear molecule, and both the united-atom and full-atom models are investigated for CH4. It is 
found that the united-atom model of CH4 overestimates the adsorption capacity of CH4 in all these 
adsorbents compared to the 5-site model, as a consequence of the enhanced 1-site CH4-adsorbent 
potential energy. Moreover, the selectivities of the nanoporous carbons for CO2 relative to CH4 
calculated using the 1-site CH4 model are underestimated compared to those from the 5-site model, 
at pressures up to 3.0 MPa.  However, differences in the structural disorder of porous carbon 
models have little impact on CO2 selectivity. Our simulations reveal that the selectivity of an 
adsorbent for a particular species is strongly dependant on adsorbate-adsorbate interaction effects, 
comprising the adsorbate-adsorbate potential interactions and an adsorbate sieving effect. As a 
balance between the confinement and adsorbate-adsorbate effects, it is found that increasing the 
concentration of CO2 in the gas phase increases the selectivity of (10, 10) CNT dramatically, while 
having negligible impact on the selectivities in amorphous carbons. Further, it is shown that 
increasing the temperature reduces the performance of all the carbons in separating CO2, and that an 
isolated (7, 7) CNT has the best performance for CO2/CH4 separation in comparison to the 
disordered nanoporous carbons investigated. 
4.1. Introduction  
Natural gas has been regarded as an ideal substitute for fossil fuels because of low emissions of 
greenhouse gases and particulate matter after combustion [1]. CO2 is one of the major contaminants 
that must be removed from natural gas, since it reduces its energy content and corrodes pipelines in 
the presence of water. Consequently, a variety of approaches have been proposed to separate CO2 
from natural gas, including chemical conversion, solvent absorption, membrane separation, and 
adsorptive separation. Among these, adsorptive separation has shown to be technically and 
economically favourable [2]. Porous carbons have long been studied as promising adsorbent 
materials for CO2 capture [3-5] and separation from gas mixtures [6, 7], due to their high surface 
area, finely-tuneable pore size distribution and economical production [8]. It has been shown that 
suitable tailoring of the pore structure in porous carbons by controlling the synthesis process can 
improve the efficiency of separating CO2 from CO2/CH4 mixtures [9-11]. However, not only the 
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pore size distribution, but also the morphology of porous carbons can vary significantly depending 
on the synthesis procedure, and can range from extremely disordered materials, such as silicon 
carbide derived carbon [12, 13], activated carbon fibre ACF-15 [14] to materials that are 
intrinsically well defined such as CNTs [8]. Consequently, understanding the effect of morphology 
on the adsorption of CH4 and CO2/CH4 mixtures in porous carbons is essential for optimizing 
adsorbent structure for both CH4 storage and for CO2/CH4 separation.  Moreover, since CNTs have 
been shown to possess superior transport properties for CH4 and CO2 [15, 16], it is important to 
know the adsorption selectivity of CNTs for CO2 over CH4 in comparison to that of porous carbons 
having realistic structures.   
As there are always technical challenges in performing experimental measurements of 
multicomponent adsorption in porous carbons, molecular simulation methods provide an efficient 
and rigorous alternative to investigate the multicomponent adsorption in all kinds of porous carbons 
by explicitly considering the intermolecular and pore-wall interactions. The choice of molecular 
models plays an essential role in predicting adsorption behaviour. Do and Do [17] found the 
adsorption of CH4 in graphitic slit pores at both sub- and super-critical temperatures was over 
predicted by the 1-site model compared to the full-atom model; this was ascribed by these authors 
to the more efficient packing of the 1-site CH4.  Similarly, Bhatia and Nicholson [18] also observed 
that adsorption of 1-site CH4 was overestimated compared to 5-site CH4 in their study of the 
adsorption of CH4 in silica nanopores. However, these authors attributed this overestimation to the 
enhanced adsorbate-adsorbent potential energy for the 1-site CH4. Cracknell et al. [19, 20] studied 
the adsorption of ethane and methane from equimolecular mixtures in graphitic slit pores and found 
that the molecular model strongly influenced the calculated adsorption selectivity for ethane, which 
increased dramatically when ethane was modelled as two sites rather than a single site molecule. 
Moreover, increasing the bond length to create a pseudo-ethane reduced the selectivity significantly 
because of the increased hindrance to rotation in the confined space of the micropores.  Despite 
these observations, in most simulations and theoretical investigations of CO2/CH4 adsorption [7, 21-
26], CH4 is represented as a united atom and CO2 is represented as a 3-site linear molecule. Little is 
known about the effect of the molecular model of CH4 on the adsorption of CH4 and CO2/CH4 
mixtures in CNTs and realistic porous carbons, which will be investigated in this work.  
An important feature of the co-adsorption of mixture in confined space is that the selectivity is a 
result of the interplay of adsorbate-adsorbent and adsorbate-adsorbate interactions. Babarao et al. [2] 
compared the equimolar adsorption of CO2/CH4 mixture in a series of metal-organic frames (MOFs) 
and found that, except for IRMOF-13, the selectivities of all other MOFs for CO2 over CH4 
increased monotonically with pressure, as the cooperative attractions between adsorbed CO2 
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molecules promoted further adsorption of CO2 as well as its selectivity. The initial decrease of the 
selectivity in IRMOF-13 is interpreted as a consequence of the reduced adsorbate-adsorbent 
interactions, since CO2 molecules tend to occupy larger pores with increasing pressure. Kurniawan 
et al. [27] examined the effect of composition on CO2/CH4 separation at 318 K in graphitic slit 
pores of width 1.5 nm. It was shown that at a pressure of 10 bar the selectivity increases 
significantly with increasing CO2 concentration in the bulk phase.  Similarly, based on their 
experimental studies Heuchel et al. [7] reported that increasing the fraction of CO2 in the bulk phase 
from 0.21 to 0.92 significantly increases the selectivity of activated carbon A35/4 for CO2 over CH4, 
at pressures up to 15 bar. Martín-Calvo et al. [1] found similar, but smaller, effects of composition 
on CO2/CH4 separation in Cu-BTC. Thus, it is clear that effects related to adsorbate-adsorbate 
interactions play a crucial role in determining the selectivity for a particular species. In most 
simulation studies these effects are interpreted as the balance between the energetic and entropic 
effects [2, 21-24, 28, 29]. In terms of CO2/CH4 adsorption, increasing the loading would increase the 
CO2-adsorbates (CO2+CH4) pair interactions more significantly than the counterparts for CH4-
adsorbates [2]. This would subsequently promote the adsorption of CO2 over CH4. On the other 
hand, the entropic effect is simply interpreted as the packing-related restrictions imposed by the 
pore walls or by neighbouring molecules on the orientational freedom of adsorbates, which may be 
expected to supress the adsorption of linear CO2 [9]. Additionally, the more strongly adsorbed 
species will tend to apply a sieving effect on the components, enhancing the selectivity. 
Consequently, in this investigation, the effect of composition in CNTs and porous carbons is 
analysed with regard to the adsorbate sieving effect.  
We report here a grand canonical Monte Carlo (GCMC) simulation study of the adsorption of CH4 
and CO2/CH4 mixtures in a variety of armchair CNTs, ACF-15 and SiC-DC, to investigate the 
effects of the morphology of porous carbons and of the molecular model of CH4 on the adsorption 
of CH4 and CO2/CH4 mixture in porous carbons. Three compositions of CO2/CH4 mixtures, having 
CO2 concentrations of 5%, 25% and 50% on a molar basis, are considered at 300 K to examine the 
effect of composition on separating CO2 from natural gas using CNTs and realistic porous carbons. 
In addition, the effect of temperature on the adsorption of CO2/CH4 is examined, and the optimal 
diameter of CNTs for CO2 separation from natural gas is determined in this investigation. The study 
comprises a wide-ranging survey of the possibilities for CO2 separation from natural gas using 
carbon based adsorbents. 
85 
 
4.2. Simulation Details   
4.2.1. Carbon Models 
(a) CNT (b) ACF-15
(c) SiC-DC pore diameter (nm)
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Figure 4-1. Atomistic configurations of (a) CNT, (b) ACF-15, and (c) SiC-DC, and (d) the 
geometric pore size distributions of ACF-15 and SiC-DC. 
Carbon nanotubes are modelled as a graphite sheet wrapped into cylindrical shape, providing 
ordered cylindrical pores for adsorption. As indicated above, two types of disordered nanoporous 
carbons, ACF-15 and SiC-DC, having distinctly different structures, are also investigated to reveal 
the potential of the CNTs in separating CO2 from natural gas. The atomistic configurations of the 
CNT, ACF-15 and SiC-DC are illustrated in Figure 4-1, and were treated as rigid structures with a 
Lennard-Jones (L-J) particle on each site. In the present work, the pore volume of each CNT studied 
is predetermined, since we exclusively consider the adsorption of CH4 and CO2/CH4 mixtures in the 
internal space of isolated CNTs. However, for the disordered carbons, ACF-15 and Si-CDC, their 
geometric pore size distributions are determined using the method proposed by Gelb and Gubbins 
[30], and depicted in Figure 4-1(d). The atomistic structures for both disordered carbons were 
previously modelled in our laboratory using hybrid reverse Monte Carlo (HRMC) simulations [12, 
13]. For the ACF-15, the experimental material was an ACC-5092-15 activated carbon fiber, 
provided by Kynol Corporation. The SiC-DC was synthesised in our laboratory by oxidation of a 
SiC  precursor in a pure chlorine atmosphere at 1073K. The disordered nature of the ACF-15 and 
SiC-DC was confirmed by the results from X-ray diffraction and high-resolution transmission 
electron microscopy (HRTEM) characterization. The reconstructed atomistic structures for ACF-15 
and SiC-DC have been validated by comparing the adsorption of Ar, CO2, and CH4 against 
experimental data over a wide range of temperature and pressure [12, 13].  
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The armchair CNTs had diameters ranging from 0.81 to 2.03 nm. The ACF-15 was modelled as a 
periodic porous material with dimension of its unit cell obtained as 2.95 2.98 3.02  nm3. 1166 
carbon atoms were placed in the unit cell, resulting in the bulk carbon density, 0.88bc   g/cm
3. In 
addition, the unit cell of SiC-DC was obtained as 4.0 4.0 4.0   nm3, containing 3052 carbon atoms. 
The bulk carbon density for SiC-DC is 0.95 g/cm3. As illustrated in Figure 4-1, the structure of the 
porous carbons ranges from highly ordered to completely disordered. 
4.2.2. Molecular Models 
Table 4-1. Lennard–Jones parameters, partial charges and configurational parameters for the EPM2 
CO2, 1-site and 5-site CH4 
Molecule / ( )Bk K  
(K(K) 
 (nm) q (e) l (nm)   (deg) 
Carbon dioxide      
C—C 28.129 0.2757 +0.6512   
O—O 80.507 0.3033 -0.3256   
C—O 47.588 0.2895  0.1149  
O—C—O     180.0 
Methane 1-site   
 
   
CH4 148.1 0.381  
 
  
 
 
 
Methane 5-site      
C—C 
 
55.055 0.34 -0.66   
H—H 
 
 
7.901 0.265 +0.165   
C—H 20.856 0.3025  0.109 
H—C—H 
 
 
    109.5 
 
The 3-site (EPM2) linear model proposed by Harris and Yung [31], which accounts for the 
quadrupole of CO2 explicitly by assigning a point-charge on each atom, was chosen to represent 
CO2. The model has been shown to represent the packing configuration of CO2 molecules in narrow 
carbon slits accurately [26]. Both the spherical model [32] and the full-atom model proposed by 
Kollman and co-workers [33] for CH4 were investigated. In the spherical model, CH4 is treated as a 
single L-J particle. In the 5-site model, all the atoms are explicitly included as L-J particles, each 
carrying a partial charge. The potential energy parameters and the atomistic configurational 
parameters of CO2, 1-site and 5-site CH4 are given in Table 4-1. We adopted the Steele [34] 
parameters to represent the C atoms in the adsorbents, with 0.34C  nm, / 28C Bk K  . The 
potential energies of the adsorbate-adsorbate and adsorbate-adsorbent are described by the 
dispersion-repulsion and electrostatic interactions between sites i and j, following 
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where ( , )
ijr
  is the distance between two sites i and j of molecules  and  . The L-J size parameter
( , )
ij
   and well depth parameter ( , )ij
   for the unlike interactions were estimated using the Lorentz-
Berthelot mixing rules [35]. In eqn.(4-1), the first term on the right hand side represents the 
dispersive-repulsive component and the second term corresponds to the electrostatic interactions. In 
the second term, 
iq
 and 
jq
 are the partial charges on sites i and j of molecules and  , and 0  is 
the permittivity of free space ( 12
0 8.8543 10
 
2 /C J m ). As confirmed in our previous 
simulations, the adsorption of multisite CO2 and CH4 in ACF-15 and SiC-CDC agreed well with 
the experimental data without any long-range corrections for the coulombic interactions [12, 13] 
because the neutrality of CO2 and CH4 and the short-range of the quadrupole moments, leads to the 
rapid convergence of the electrostatic interactions with molecule-molecule distance. In ACF-15 and 
SiC-DC, the L-J and coulombic interactions were therefore calculated using center-of-mass cutoff 
radii of 1.47 and 1.95 nm respectively.  However, in the absence of prior results that we could 
compare with to exclude the effect of long range corrections in CNTs, the Dot Line Method [36, 37], 
which has been proved to be effective for representing the periodic charges of ions in cylindrical 
pores, was used in present work to capture the adsorbate-adsorbate coulombic interactions in CNTs.  
Accordingly, the periodic boundary condition is applied only in the axial direction of the CNT, and 
only the adsorbate-adsorbate and adsorbate-adsorbent interactions within the CNT are considered, 
while external adsorption is excluded.  
4.2.3. Grand Canonical Monte Carlo Simulations 
GCMC simulations were used to study the adsorption of CH4 and CO2/CH4 mixture in the three 
different carbon materials at 300 K, 325 K and 350 K, at pressure up to 3.0 MPa. In GCMC 
simulations, the adsorbate chemical potential a  and the system volume V and temperature T are 
held constant, while the number of adsorbate molecules as well as the location and the orientation 
of each adsorbed molecule are allowed to fluctuate. Trial moves, included insertion, deletion and 
displacement of particles, and the numbers of insertion and deletion attempts were set equal to 
maintain microscopic reversibility. The fugacities corresponding to the selected compositions were 
determined from the natural gas equation of state (EOS) given by Kunz and Wagner [38]. Each 
simulation point was averaged over a total of 
81.0 10  configurations, after rejecting the first 
73 10  
to equilibrate the system.  
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4.3. Results and Analysis  
4.3.1. Effect of Molecular Model on the Adsorption of CH4 
We first studied the adsorption of pure CH4 in a (10, 10) CNT, ACF-15 and Si-CDC using both the 
spherical and full-atom models at 300 K to explore the reasons for the enhanced adsorption of 
spherical CH4. It is noted that that the bulk densities of CH4 obtained from the 1-site and 5-site 
models are quantitatively similar at 300 K, for pressures up to 3.0 MPa, as demonstrated in Figure 
4-2, confirming that the two models are equivalent in the bulk phase. 
 
Figure 4-2. Bulk isotherms of 5-site and 1-site CH4, at 300 K. 
 
Figure 4-3. Adsorption isotherms of 1-site and 5-site CH4 in (10, 10) CNT, ACF-15, and SiC-DC at 
300 K.  
As illustrated in Figure 4-3, the adsorbed amount of 1-site CH4 is higher in all the cases than that of 
the 5-site CH4, which accords with the earlier results of Do and Do [17] and Bhatia and Nicholson 
[18]. In addition, at high pressures, the deviation between the adsorption of 1-site and 5-site CH4 in 
the (10, 10) CNT diminishes with increasing pressure, as the adsorption of CH4 approaches 
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saturation. However, in ACF-15 and SiC-DC, which have larger adsorption capacities, the 
adsorption of CH4 continues to increase with pressure, and the deviation between the adsorbed 
amounts of 1-site and 5-site CH4 is maintained over the pressure range investigated. 
     
Figure 4-4. Loading variation of (a) CH4-adsorbent, and (b) CH4-CH4 interaction energies, in (10, 
10) CNT, SiC-DC and ACF-15 at 300 K, from GCMC simulations.  
To determine whether packing or potential energy causes this enhanced adsorption, we investigated 
the variation in the CH4-adsorbent and CH4-CH4 interaction energies with CH4 loading. Figure 4-4, 
shows the ensemble average values of these interaction energies, computed from the simulations by 
evaluating the decrement in the potential energy of the system on the successful insertion of an 
adsorbate molecule. In the (10, 10) CNT, at loadings lower than 2.3 mol/kg, the CH4-CH4 
interaction energies are almost identical for both models which implies that the packing does not 
have any significant impact on the adsorption at low loading. As the loading is increased further, the 
packing effect becomes more important for both models, which is evident from the increase in CH4-
CH4 interaction energies, indicating that the intermolecular repulsive interactions are beginning to 
dominate and the 1-site CH4 experiences a stronger intermolecular repulsive interaction than the 5-
site CH4.  The radial distribution functions for the two models at a loading of 3.75 mol/kg are 
shown in Figure 4-5(a) where it is seen that the 5-site CH4 molecules can pack more closely due to 
their tetrahedron structure but have a weaker repulsive interaction.  This reveals that the packing 
configuration of 1-site CH4 is less favorable in the high loading regime, which is associated with the 
enhanced adsorption of 1-site CH4. So, the enhanced adsorption of 1-site CH4 that is observed in the 
(10, 10) CNT cannot be explained by the packing effect within the pressure range studied. On the 
other hand, the 1-site CH4-CNT interaction is much stronger than the counterpart of 5-site CH4-
CNT.  We also plotted the center-of-mass density distributions of the 1-site and 5-site CH4 in the (10, 
10) CNT at a loading of 3.75 mol/kg in Figure 4-5(b).  It is shown that the density distributions for 
both models are nearly identical and the near coincidence of the density peaks confirms that the 
effective diameters of these two models are very similar despite the variable orientation of the 5-site 
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model [18]. It can be concluded that the enhanced adsorption of 1-site CH4 in CNTs is caused by 
the lower CH4-adsorbent energy. However, in disordered ACF-15 and SiC-DC with less 
confinement, the 1-site CH4-CH4 energy is marginally stronger than the 5-site CH4-CH4 energy.  In 
these adsorbents, the orientations of the 5-site CH4 molecules at low pressure are more randomly 
distributed in spaces where there is lower confinement. The slightly enhanced CH4-CH4 interaction 
cannot be responsible for the considerably enhanced 1-site CH4 adsorption, since it is negligible 
compared to the CH4-adsorbent interaction.  These results demonstrate that the enhanced adsorption 
of 1-site CH4 in ordered and disordered porous carbons can be attributed to the enhanced CH4- 
adsorbent energy.   
 
Figure 4-5. (a) Radial distribution functions, and (b) density distributions of the1-site and 5-site 
CH4 in (10, 10) CNT. 
Due to the similarities of the bulk carbon density and pore size distribution for ACF-15 and SiC-DC 
[12, 14], the simulated adsorption isotherms of CH4 in ACF-15 and SiC-DC are found to be 
quantitatively similar, both for the 1-site and 5-site CH4, as shown in Figure 4-3. It is also observed 
that for pressures below 0.7 MPa, the adsorption of CH4 in the (10, 10) CNT having diameter of 
1.36 nm is comparable to that in the ACF-15 and SiC-DC, whose pore sizes range from 0.3 nm to 
1.1 nm and 0.2 nm to 1.3 nm, respectively [12, 14]. Note that, both sides of the pore walls are 
available for the adsorption of CH4 in ACF-15 and SiC-DC. On the other hand our simulations only 
consider adsorption in the internal space for CNTs. Consequently, the comparable adsorption of 
CH4 in (10, 10) CNT at low pressure is attributed to the enhanced fluid-solid interaction energy in 
the nanotube, which is evident from Figure 4-4(a). It is seen that CH4-adsorbent interaction energies 
are quite similar in ACF-15 and SiC-DC, indicating similarity in the degree of confinement in these 
two structures, and these are much weaker than that in the (10, 10) CNT. The stronger interaction 
with the CNT is due to its high carbon density (2.25 g/cm3) and strong confinement resulting from 
the high curvature of the carbon wall. In summary, our simulations show that the level of disorder 
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of the carbon structure does not significantly affect the adsorption of CH4 in porous carbons when 
the pore size distributions as well as the densities of the carbon structures are similar. For the same 
pore size, the adsorption of CH4 will be enhanced in the pores formed by curved walls in 
comparison to the slit pores, due to the overlap of the potential field exerted by the curved walls, 
and the symmetric molecular structure of methane. Nevertheless, CH4 adsorbs onto the both sides of 
the carbon layers in the disordered carbons. As we increase the curvature of a carbon wall, the 
adsorption of CH4 will increase on the concave side, but the adsorption on the convex side is too 
complex to be predicted, which is dependent on the size of the pore located on the convex side and 
the curvature of the adjacent wall [22]. Consequently, the effect of curvature on the adsorption of 
CH4 in disordered carbons remains an open question, and will be further studied in our future work. 
4.3.2. Effect of the Molecular Model of CH4 on CO2/CH4 Mixture Adsorption 
   
Figure 4-6. Adsorption isotherms of CO2 and CH4 in (a) (10, 10) CNT, (b) SiC-DC and ACF-15 at 
300 K. The molar content of CO2 in the CO2/CH4 bulk mixture phase is 5%. 
Typically, the concentration of CH4 in natural gas is around 95% [1], consequently we investigated 
the adsorption of CO2/CH4 mixture in (10, 10) CNT, ACF-15 and SiC-DC using the linear CO2 and 
1-site and 5-site CH4, with 5% CO2 in the bulk phase. The mixture isotherms at 300 K for the three 
adsorbents studied are shown in Figure 4-6. It was found the adsorption of CH4 is dominant in all 
the cases, primarily because of its high concentration in the bulk phase. In addition, the adsorption 
of 1-site CH4 in all these adsorbents is significantly enhanced by its stronger CH4-adsorbent 
potential energy.  We note that the adsorption isotherms of CO2 mixtures with the 1-site and 5-site 
CH4 are quite similar in all these carbons, when the pressure is below 0.5 MPa. This indicates that 
the molecular model of CH4 does not impose a significant influence on the adsorption of coexisting 
CO2 in the low loading region at this temperature. However, the adsorption of CO2 mixing with 
the1-site CH4 is slightly suppressed compared to the 5-site CH4 at high pressures. As adsorption 
progresses, the dominant adsorption of CH4 will further reduce the adsorption volume available for 
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CO2, and this effect is more significant for the adsorption of CO2 coexisting with 1-site CH4. As a 
consequence, at relatively high pressures, the adsorption of CO2 mixing with the 1-site CH4 is 
further reduced in all the carbons, but especially in the (10, 10) CNT because of its smaller 
adsorption volume. The reduction in the amount of CO2 is also a consequence of the enhanced 1-
site CH4-adsorbent potential energy.  
 
Figure 4-7. Pressure variation of CO2 selectivities of (10, 10) CNT, SiC-DC and ACF-15, for 1-site 
and 5-site CH4 at 300 K. The bulk phase CO2/CH4 mixture has 5% CO2. 
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Figure 4-8. Variation of CO2-adsorbent and 5-site CH4-adsorbent interaction energies with pressure 
in (10, 10) CNT, SiC-DC and ACF-15 at 300 K. The bulk phase has 5% (mole percent) CO2. 
While the adsorption of 1-site CH4 is enhanced by the stronger adsorbate-adsorbent potential energy, 
the adsorption of coexisting CO2 remains almost unaffected at low pressure and decreases slightly 
at high pressure in these adsorbents. The equilibrium selectivity of the adsorbent for CO2 relative to 
CH4 is calculated as  
 2 2
2
4 4
/
/
CO CO
CO
CH CH
x y
S
x y
  (4-2) 
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where ix and iy are the mole fractions of species i in the adsorbed phase and the bulk phase, 
respectively. As illustrated in Figure 4-7, the selectivity for CO2 is greatly underestimated by the 1-
site CH4 model in all the adsorbents studied, and it is likely that this observation is somewhat 
general, and not specific to the adsorbents under study.  
  
Figure 4-9. Pressure variation of CO2-adsorbate and 5-site CH4-adsorbate interaction energies, in (a) 
(10, 10) CNT, and (b) SiC-DC, ACF-15, at 300 K. The insets compare CO2-adsorbate and 5-site 
CH4-adsorbate interaction energies using CH4 to replace the CO2 at the same adsorption site. The 
bulk phase has 5% (mole percent) CO2. 
It is interesting to note that while the selectivity of (10, 10) CNT increases with bulk pressure, the 
selectivity in ACF-15 and SiC-DC decreases with pressure. To explore this phenomenon, we first 
investigated the variation of CO2-adorbent and CH4-adsorbent energies versus pressure in (10, 10) 
CNT, ACF-15 and SiC-DC, illustrated in Figure 4-8.  It is observed that the adsorbate-adsorbent 
energies in the (10, 10) CNT decrease slightly with increasing pressure.  Therefore, the increase of 
the selectivity of the (10, 10) CNT with pressure could be caused by two factors: either cooperative 
CO2-adsorbate interactions or the adsorbate sieving effect. As total loading is increased, the 
adsorbate-adsorbate energies are enhanced. The increase in the CO2-adsorbate energy is greater 
than the CH4-adsorbate energy as illustrated in Figure 4-9 and therefore adsorption of CO2 is 
promoted over adsorption of CH4 [2]. On the other hand, CO2 has a much smaller effective diameter 
(0.3033 nm) in its axial direction than the tetrahedral CH4 (0.381nm for the spherical CH4 and an 
approximately similar effective diameter for the tetrahedral CH4). As adsorption progresses, 
adsorbates in the nanotube tend to form discrete aggregates, which merge to fill the volume at high 
pressure. The rotational freedom of CO2 is almost unconstrained in the (10, 10) CNT, so that CO2 
can adjust its orientation to achieve sterically and energetically favourable configurations that can 
be accommodated into existing aggregates, as the insertion of CH4 is rejected. This is analogous to a 
molecular sieving effect imposed by the pre-adsorbed molecules. To support this explanation, we 
conducted simulations in which the CH4-adorbate energy was calculated at any simulation step 
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where a CO2 insertion was accepted, with a randomly generated orientation for CH4 placed at the 
same position as the centre of mass as the inserted CO2. We also calculated interaction energies for 
a CH4 molecule with a randomly generated orientation placed at the same position as the centre of 
mass as the inserted CO2.  The insets of Figure 4-9 (a) and (b) show these specific CO2-adsorbate 
and CH4-adsorbate interaction energies as a function of bulk pressure for the 3-site CO2 and 5-site 
CH4 in the (10, 10) CNT, ACF-15 and SiC-DC.  It is clear that this adsorbate sieving effect is 
greatly enhanced as pressure is increased, as confirmed by the strong repulsive interactions suffered 
by the virtually inserted CH4 molecules.  As a consequence of both the adsorbate sieving effect and 
the additional CO2-adsorbate interactions, the selectivity of the (10, 10) CNT increases with 
pressure although the adsorbate-adsorbent interactions do not change significantly. The selectivity 
only increases slightly with pressure as adsorption approaches saturation at high pressure, because 
the cooperative interactions and the adsorbate sieving effect change less rapidly with pressure, and 
the increase in the entropic effect due to packing restrictions  tends to offset the contributions from 
these two factors.  One can expect that the selectivity of a (10, 10) CNT will actually decrease with 
increase in pressure at high enough pressures when the adsorbate sieving effect will disappear, and 
the entropic effect will take over completely,  as can be seen in the results of [22].  
From Figure 4-8, it is clear that the co-adsorption of CO2/CH4 in AC-F15 and SiC-DC occurs 
preferentially in the narrow pores at low pressure, and shifts to larger pores at high pressures. 
Initially, the selectivities of ACF-15 and SiC-DC are even higher than in the (10, 10) CNT, which 
can be attributed to the molecular sieving effect.  Since both disordered carbons have pores with 
widths smaller than 0.40 nm, which can only accommodate CO2 in a linear orientation, the 
molecular sieving effect is dominant.  Since ACF-15 has a larger volume of these narrow pores than 
SiC-DC, it exhibits a higher selectivity for CO2 [12, 14]. It is notable that varying the morphology 
of these porous carbons does not significantly affect the selectivity of CO2 relative to CH4.  The 
insets in Figure 4-9 show that the adsorbate sieving effect in ACF-15 and SiC-DC is much weaker 
than in the (10, 10) CNT.  Although the adsorption isotherms of CO2 and CH4 in the (10, 10) CNT 
are lower than in the ACF-15 and SiC-DC above 1.0 MPa, the number densities of CO2 and CH4 in 
the (10, 10) CNT are actually much higher than that in the other two porous carbons, due to the high 
carbon atom density and high degree of confinement in the CNT. Consequently, the adsorbate 
sieving effect is much weaker in disordered carbons, compared to the (10, 10) CNT. Accordingly, 
as illustrated in Figure 4-8 the rapid reduction in the adsorbate-adsorbent interactions offsets the 
contribution from the cooperative CO2-adsorbates interactions and adsorbate sieving effect 
completely, and leads to the decrease in selectivity with pressure.  
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4.3.3. Effect of Composition on the Adsorption of CO2/CH4  
As shown above (Figures 4-3 and 4-6(b)), the adsorption isotherms of pure CH4 and CO2/CH4 
mixture in SiC-DC and ACF-15 are quite similar, so SiC-DC will be chosen to represent the 
disordered carbons in further discussions. Boutin et al. [39] and Lachet et al. [40] reported that 
unlike the 5-site model, the 1-site model failed to reproduce the experimental isotherms of CH4 in 
AlPO4-5. In addition, we have shown the 1-site CH4 overestimated the adsorption of CH4 and 
underestimated the selectivity for CO2 in CNTs, ACF-15 and SiC-DC, and further discussion will 
therefore be based on the 5-site CH4 and 3-site CO2. The composition of natural gas found in 
different reservoirs varies significantly, such that the ratio of CO2/CH4 in natural gas has a wide 
range of distribution [41]. We investigated three compositions, having CO2 contents of 5%, 25%, 
and 50% to reveal the effect of composition on the adsorptive and selective properties of the CNT 
and SiC-DC.  
  
  
Figure 4-10. Adsorption isotherms of CO2 and CH4 in (a) (10, 10) CNT, (b) SiC-DC, and pressure 
variation of the selectivities of (c) (10, 10) CNT, and (d) SiC-DC, 300 K. Three CO2/CH4 mixture 
compositions are considered, having CO2 contents of 5%, 25% and 50%. 
Figures 4-10 (a) and (b) respectively depict the isotherms of CO2 and CH4 in (10, 10) CNT and in 
Si-CDC at 300 K for different compositions. The adsorption of CO2 is completely dominant for 
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adsorption from equimolar mixtures due to the energetic and adsorbate sieving effects. When the 
concentration of CH4 is increased to 75%, it is found that the adsorbed amounts of CH4 in the (10, 
10) CNT and in SiC-DC have increased, but are still far below that of CO2. However, on further 
increase to 95% CH4, the adsorption of CH4 becomes dominant. At a fixed bulk pressure, increasing 
the concentration of CH4 in the bulk phase reduces the total adsorbed amount of CO2 and CH4.  
Because CH4 has a less energetically and sterically favourable molecular configuration for 
adsorption, the increase in the amount of CH4 adsorbed fails to compensate for the reduction in the 
amount of CO2 in the adsorbed phase.  
 
Figure 4-11. Snapshots of configuration of adsorbed CO2/CH4 mixtures of different composition in 
(10, 10) CNT, at 0.1MPa bulk pressure and 300 K.   
Varying the composition of the gas mixture affects the tendency of the adsorbate to form clusters, 
and will therefore change the selectivity. Figure 4-10 (c) shows how the selectivity of the (10, 10) 
CNT increases dramatically with increasing concentration of CO2 in the gas phase. At equimolar 
bulk concentration, more CO2 is adsorbed and most of the adsorption space is occupied by 
aggregates of the linear CO2 molecules, as is evident from snapshots presented in Figure 4-11. This 
adsorbate structure will preferentially adsorb additional CO2 molecules and will tend to reject the 
tetrahedral CH4 molecules. It is noted that, at a fixed bulk pressure, increasing the concentration of 
CO2 in bulk phase increases the adsorbate loading as well as the fraction of CO2 in adsorbed phase, 
which subsequently enhances the adsorbate-adsorbate lateral interactions. The combination of 
increased concentration of CO2 in the gas phase and the adsorbate sieving effect increases the 
selectivity in favour of CO2.  In addition, the selectivity increases even more rapidly with increase 
in pressure for the cases having higher concentration of CO2 in bulk phase. However, at high 
pressure, the selectivity of CNT increases only slightly for all the compositions, as the co-
adsorption approaches saturation. Moreover, for the equimolar bulk mixture, the selectivity of the 
(10, 10) CNT tends to decrease above a pressure of 2.5 MPa, which is because of the onset of 
entropic effects.  
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As noted earlier, for the gas mixture containing 5% CO2, the selectivity of SiC-DC decreases with 
increase in bulk pressure, which is because the adsorbate sieving effect and the cooperative CO2-
adsorbate interactions are too weak to overcome the reduction in the adsorbate-adsorbent 
interactions. However, as the concentration of CO2 increases to 25%, it is observed that the 
selectivity starts to increase slightly above a pressure of 1.5 MPa, which is caused by the enhanced 
CO2-adsorbate interactions and the adsorbate sieving effect. Accordingly, for the equimolar bulk 
mixture, the selectivity starts to increase at lower pressure (0.4 MPa), and increases more rapidly 
compared to the case of low CO2 concentrations in bulk phase. We note that changing the 
composition of gas mixture has less significant influence on the selectivity of SiC-DC for CO2 
compared to the (10, 10) CNT. This is because the confinement in SiC-DC is much weaker than in 
the CNT (lower intrinsic selectivity for CO2, excluding the molecular sieve effect). Consequently, 
as the CO2 concentration in the bulk phase increases, the increase in the total loading and the 
fraction of CO2 in the adsorbed phase is less significant than that in the CNT; this subsequently 
leads to weaker enhancement in the cooperative CO2-adsorbates interactions and the adsorbate 
sieving effect. However, the lower adsorbate density in SiC-DC is also responsible for the weak 
influence of composition on the selectivity in SiC-DC.  
At low bulk pressure, the adsorbed amount of a component is determined by its partial pressure and 
Henry constant [42], and the selectivity for CO2 follows 
2 4 2
/CO CH COS K K . The Henry constant for 
a specific component is only dependent on the adsorbate-adsorbent interactions [42], and therefore, 
as observed in Figure 4-10 (c) and (d), the selectivities of the CNT and SiC-DC for different 
compositions converge to their corresponding constants, which are independent of the composition 
of gas mixture.  In particular, the selectivity of Si-CDC decreases with increase in the concentration 
of CO2 when the bulk pressure is below 0.4 MPa, as shown in Figure 4-10 (d). Note that, the high 
selectivity of Si-CDC at low pressures is attributed to a molecular sieving effect, but since the total 
volume of these narrow pores is very limited, the amount of CO2 adsorbed into the narrow pores 
does not increase proportionally when the concentration of CO2 is increased from 5% to 50%. As a 
consequence, the selectivity of Si-CDC decreases with CO2 concentration at low pressures.    
4.3.4. Effects of Temperature and Diameter on the Adsorption of CO2/CH4 Mixture in CNTs.   
We investigated the adsorption of CO2/CH4 in the (10, 10) CNT at 300 K, 325 K and 350 K, at a 
bulk phase mole fraction of CO2 of 5%.  As depicted in Figure 4-12 (a), the adsorbed amounts of 
CO2 and CH4 both decrease with increase in temperature due to the exothermic nature of adsorption.  
However, the selectivity of the (10, 10) CNT decreases with increase in temperature as well, 
indicating the most effective separation of CO2 from natural gas using CNTs would be conducted at 
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near-ambient temperatures. Similar effects of temperature on the adsorption and separation of 
CO2/CH4 mixtures in ACF-15 and SiC-DC, not shown here, were observed in our simulations.  
We also investigated the selectivity in a variety of armchair CNTs with diameters ranging from 0.81 
nm to 2.03 nm at 300 K, in order to determine the optimum diameter for separating CO2 from 
natural gas.  As the diameter was increased from 1.36 nm to 2.03 nm, the selectivity of CNT 
decreased, as seen in Figure 4-13. In contrast to the (10, 10) CNT, the contribution of the adsorbate-
adsorbent energy to the total energy decreases significantly with adsorbate loading in the (12, 12) 
and (15, 15) CNTs, since these CNTs are wide enough to accommodate multilayers [43].  So, in the 
(12, 12) and (15, 15) CNTs, the selectivity increases only slightly with bulk pressure, as the reduced 
confinement partly offsets the contribution from the CO2-adsorbate pair interactions and the 
adsorbate sieving effect to enhance the selectivity for CO2. However, the selectivity does not 
increase monotonically as diameter is reduced: in the (6, 6) CNT, selectivity is found to increase at 
pressures close to zero because of the high degree of confinement. At this diameter, the rotational 
freedom of CO2 is highly restricted, which dramatically reduces the selectivity with increase in total 
loading [9].  In the larger (7, 7) CNT, the restriction on the orientational configurations of CO2 is 
less significant, and therefore the selectivity is higher than in the (6, 6) CNT, even though the 
confinement is less. However, the selectivity of the (7, 7) CNT increases more rapidly with pressure 
than that of the (10, 10) CNT, but less rapidly than in the (8, 8) CNT.  In comparison to the (10, 10) 
CNT, the intrinsic selectivity of the (7, 7) CNT is much higher, so that the mole fraction of CO2 in 
the adsorbed phase in the (7, 7) CNT is much higher than that in the (10, 10) CNT. Consequently, 
the adsorbate sieving effect and the CO2-adsorbates interactions are enhanced in the (7, 7) CNT 
with increasing the pressure.  On the other hand, the restriction on the rotational freedom of CO2 in 
the (7, 7) CNT is still strong, as confirmed by the total density distribution of adsorbates in the (7, 7) 
CNT at 1.0 MPa, depicted in Figure 4-14. It is seen that while the adsorbates accommodate 
themselves into a single layer in the (8, 8) CNT at 1.0 MPa, there is insufficient space to form a 
complete adsorbate layer in the (7, 7) CNT.  The interplay between the entropic effect and the 
adsorbate-adsorbent energy means that the selectivity of the (7, 7) CNT increases less rapidly than 
in the (8, 8) CNT, but more rapidly than in the (10, 10) CNT.  
The separation of CO2 from natural gas is generally conducted at ambient temperature and 
atmospheric pressure, with the concentration of CH4 being around 95% [1]. In Figure 4-15 (a), we 
have plotted the selectivity and the adsorbed amount of CO2 as a function of the diameter of the 
CNT, at a pressure of 0.1MPa and a temperature of 300 K; the selectivity of CNT increases as the 
diameter increases from 0.81 nm to 0.95 nm, and then decreases with further increase in diameter.  
The selectivity achieves a maximum value of 8.31 in the (7, 7) CNT with a diameter of 0.95 nm, 
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which also corresponds to the maximum in the amount of CO2 adsorbed (Figure 4-15 (b)). Both the 
selective and the adsorptive properties of the (7, 7) CNT are superior to the disordered carbons. 
Thus, based on our results, the (7, 7) CNT having diameter of 0.95 nm has the greatest potential for 
separating CO2 from natural gas.  
 
Figure 4-12. (a) Adsorption isotherms of CO2 and CH4 in (10, 10) CNT, and (b) pressure variation 
of the CO2 selectivity of (10, 10) CNT, at 300 K, 325 K and 350 K. The mole fraction of CO2 is 5% 
in gas phase. 
 
Figure 4-13. Pressure variation of the CO2 selectivity of CNTs of different diameter at 300 K, for 5% 
CO2 in gas phase. 
 
Figure 4-14. Total adsorbate density distribution in CNTs, at 1.0 MPa bulk pressure. 
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Figure 4-15. Variation of (a) CO2 selectivity of CNT, and (b) adsorbed amount of CO2, with CNT 
diameter, at 0.1 MPa and 300 K, for CO2/CH4 bulk mixture having 5% CO2. 
4.4. Conclusions  
We have presented a detailed study of the adsorption of CH4 and CO2/CH4 mixture in CNTs and 
realistic porous carbons, ACF-15 and SiC-DC. It is found that the united atom model of CH4 always 
over predicts the adsorption of CH4 in CNTs and disordered porous carbons compared to the all-
atom model, which is attributed to its enhanced potential energy with pore walls in the united atom 
model. Further, for the adsorption of CO2/CH4 mixtures, while the adsorption of 1-site CH4 is 
enhanced in all the carbons, the adsorption of co-existing CO2 is slightly reduced at high pressure 
because of loss of adsorption space that is occupied by the additionally adsorbed 1-site CH4. 
Consequently, the selectivities of CNTs and disordered carbons for CO2 relative to CH4 are severely 
underestimated compared to the co-adsorption of CO2 and 5-site CH4. However, the similarity 
between the adsorption isotherms of pure CH4 and CO2/CH4 mixtures in ACF-15 and in the much 
more disordered SiC-DC demonstrates that the morphology of porous carbons has little impact on 
the adsorptive and selective properties of porous carbons when the pore size distributions as well as 
the carbon framework densities are similar.  
In a (10, 10) CNT the selectivity for CO2 is an increasing function of pressure, while the selectivity 
of amorphous AC-F15 and SiC-DC decreases with increase in pressure. This phenomenon is a 
result of the competition between the adsorbate-adsorbent interaction and the adsorbate-adsorbate 
interplays.  It is also found that increasing the concentration of CO2 in the gas phase increases the 
selectivity of the (10, 10) CNT but has an insignificant influence on selectivity in amorphous porous 
carbons. The adsorbate density in and selectivity of the (10, 10) CNT are much higher than in the 
other two porous carbons, due to its high carbon density and uniform confined space having high 
pore wall curvature. Additionally, the adsorbate-adsorbate pair configurations create an adsorbate 
sieving effect which is dramatically enhanced for the linear CO2 as the concentration of CO2 in gas 
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phase is increased. Consequently, the selectivity of the (10, 10) CNT is almost doubled at high 
pressures when the concentration of CO2 is increased from 5% to 50%. 
Increasing the temperature reduces the selectivity of these carbons. We find that the (7, 7) CNT 
having a diameter of 0.95 nm adsorbs the maximum amount of CO2 and has the highest selectivity 
for CO2, at 0.1 MPa. 
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5 Impact of H2O on CO2 Separation from Natural Gas: Comparison of Carbon 
Nanotubes and Disordered Carbon  
While it is evident from Chapter 3 that water imposes significant influence on the adsorption of CO2 
in carbon nanotubes (CNTs), in Chapter 4 it was shown that the (7, 7) CNT having a dimeter of 
0.95 nm possesses dramatically superior performance in separating CO2 from natural gas without 
considering the effect of water. Therefore, it is important to show how the moisture affects the 
performance of CNTs in separating CO2 from natural gas. With this motivation, the adsorption of 
pure H2O, CO2/CH4 and H2O/CO2/CH4 mixtures in carbon nanotubes ranging from (6,6) to (15,15), 
and in a re-constructed model of a silicon carbide derived carbon (SiC-DC) was studied using 
Monte Carlo simulations, at 300 K in this chapter. We also investigated the effect of pre-adsorbed 
water and the choice of water model including SPC, SPC/E, TIP3P, TIP4P and TIP5P, on the 
adsorption of CO2/CH4 and H2O/CO2/CH4 mixtures in the CNTs and SiC-DC. Using the SPC 
model, our simulations reveal that, below saturation pressure, the adsorption of water is negligible 
in CNTs with diameters ranging from 0.81 to 2.03 nm, and in the SiC-DC. Water fills the CNTs and 
the SiC-DC model suddenly when the pressure reaches a critical value that is above the saturation 
pressure, and exhibits nonmonotonic variation with CNT diameter. It was also found that the small 
amount of water adsorbed from the saturated H2O/CO2/CH4 mixture has little impact on the 
adsorption of the components CO2 and CH4. When water is pre-adsorbed, it is found to be present 
in the form of hydrogen-bonded clusters, and the average water cluster size is reduced when the 
amount of adsorbed CO2 and CH4 is increased. For the adsorption of a CO2/CH4 mixture, the CO2 
selectivities of the (7, 7) CNT and SiC-DC increase almost linearly with the density of pre-adsorbed 
water, while the capacities of CH4 and CO2 in the narrow (7, 7) CNT are reduced, and the capacity 
of CO2 in the SiC-DC is slightly enhanced by the pre-adsorbed water. It was found that the choice 
of water model has little impact on the adsorption of the CO2/CH4 mixtures in either carbon. 
Noticeable adsorption of H2O was observed for the H2O/CO2/CH4 mixture in the (7, 7) CNT and 
SiC-DC having 0.05 g/cm3 pre-adsorbed water, as a result of strong hydrogen bonding between the 
pre-adsorbed water and water molecules from the gas phase. For the H2O/CO2/CH4 mixture, the 
CO2 selectivities of the (7, 7) CNT and SiC-DC are subsequently enhanced by the additional 
cooperative water-adsorbate interactions. We conclude that, among the CNTs investigated, the (7, 7) 
CNT shows the best performance for separating CO2 from natural gas at atmospheric pressure and 
is superior to the amorphous  carbon, SiC-DC. 
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5.1. Introduction  
The continued consumption of fossil fuels has led to an escalating level of carbon dioxide in the 
atmosphere, representing one of the primary environment issues facing humanity. To lower the 
consumption of fossil fuels, natural gas has been regarded as an ideal substitute because of its low 
emission of greenhouse gases after combustion. However, natural gases found in reservoirs are not 
pure methane, but contain contaminants, such as CO2 and H2O, which reduce their energy content 
and corrode pipelines. Unless natural gas is dehydrated prior to its use, it can always be assumed to 
be saturated with water [1]. 
Porous carbons have long been studied as promising materials for CO2 capture and separation from 
gas mixtures [2-8], due to their high surface area, finely-tuneable pore size distribution and 
economical production [9, 10]. The morphology of porous carbons can vary significantly depending 
on the synthesis procedure, and can range from extremely disordered materials, such as SiC-DC [11, 
12], through activated carbon fibre ACF-15 [13] to materials that are intrinsically well defined such 
as CNTs [10]. Although our previous work has shown that the (7, 7) CNT possesses superior 
performance in CO2/CH4 separation in the absence of water with respect to the SiC-DC [14], its 
performance in the presence of water remains undetermined. Numerous studies have shown that 
water has a significant influence on the adsorption of CO2 and CH4 in metal organic frameworks 
(MOFs) [15-17], zeolites [18, 19] and activated carbons [20-22]. An exploration of the effect of 
water on the adsorption of CO2 and CH4 in porous carbons is therefore of critical and practical 
significance.   
To understand the influence of water on separating CO2 from gas mixtures, water is generally 
considered in two contexts: (1) as a vapor component in the gas phase [15, 17, 19, 23-25], or (2) as 
a pre-adsorbed component in the adsorbent [20, 21, 26-28]. In zeolite ZSM-5, Ohlin et al. [19] fixed 
the partial pressure of water in an equimolar CO2/CH4 mixture and reported that the presence of 
water vapor decreased the adsorption of CO2 slightly while reducing the adsorption of CH4 
dramatically. This is because water adsorbs competitively onto the cations, partly blocking the 
adsorption CO2 and CH4 in the first place, and then acting as new adsorption sites to promote the 
adsorption of CO2 over CH4. In MOFs, a trace of water in the gas phase can significantly affect 
their selectivities for CO2 because of the strong interaction of water with the adsorbent, which is 
attributed to the accessible metal ion sites and compensating atomic charges in the frameworks [15, 
17, 29]. Nevertheless, Striolo et al. [30, 31] demonstrated that, for hydrophobic porous carbons 
without active sites, water could fill carbon slit pores of widths ranging from 0.8 to 1.6 nm below 
the saturation pressure at ambient temperature, and that the relative pressures at which pore filling 
occurs are even lower in carbon nanotubes having the similar diameters. Consequently, this raises 
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the question that whether water vapor will affect the adsorption of CO2/CH4 mixture in porous 
carbons. 
When water is present as a pre-loaded component, its effect on the adsorption of CO2 and CH4 is 
diverse. In zeolites, the presence of water decreases the adsorption of CO2 by blocking the access 
for CO2 [28]. The adsorption of CO2 was found to decrease monotonically in Ni/DOBDC (also 
known as CPO-27-Ni or Ni/MOF-74, belonging to a well-known metal organic structure type 
M2(DOBDC), where M = Mg, Mn, Fe, Co, Ni, Cu, Zn; DOBDC
4- = 2,5-dioxido-1,4-
benzenedicarboxylate) as the water content increased from 0.0 to 28.7 mol/kg [27], while  the 
adsorption of CO2, and its selectivity over CH4, were significantly increased in Cu-BTC by the 
presence of 4 wt% coordinated H2O [26]. In activated carbons, the presence of water reduces the 
adsorption of pure CO2 and CH4 by occupying the free adsorption volume [20, 21]. Yu et al. [16] 
studied the combined effect of water vapor and pre-loaded water on the adsorption of a CO2/N2 
mixture in HKUST-1 (also known as Cu-BTC, a metal organic framework made up of copper nodes 
with 1,3,5-benzenetricarboxylic acid struts between them, which is proposed by the Hong Kong 
University of Science and Technology) experimentally. They reported a reduction in the adsorption 
of CO2 as a result of a predominant adsorption of water in the HKUST-1 with water in the MOF 
framework, suggesting that the co-ordinated water molecules provide new nuclei for the adsorption 
of water. Similarly, Ramachandran et al. [32] fixed water molecules in silicalite in their grand 
canonical Monte Carlo (GCMC) simulations to represent hydrophilic defects. They found that these 
fixed water molecules promoted pore filling by water at lower pressures than when hydrophilic 
defects were absent, due to the formation of hydrogen bonds between the fixed water and the water 
molecules in the adsorptive gas. Consequently, one can expect that pre-adsorbed water will affect 
the adsorption of H2O/CO2/CH4 mixture saturated with water in porous carbons. 
Hitherto, numerous models have been proposed for the water molecule, each capable of 
reproducing some experimental properties, including density, vapor pressure, vaporization enthalpy 
and surface tension [33]. Among the rigid models, the SPC model has proved to be superior for 
adsorption modelling, since it reproduces the vapor pressure very well [34]. This model will be 
adopted here for the study of adsorption of pure water and H2O/CO2/CH4 mixtures containing 
saturated water in CNTs and SiC-DC, in order to understand the influence of water vapor on the 
performance of these porous carbons in separating CO2 from natural gas. However, for the 
adsorption of CO2/CH4 mixtures in the CNTs and SiC-DC wetted by pre-adsorbed water, several 
frequently used water models including the SPC/E, TIP3P, TIP4P and the TIP5P [35,36] models 
will be investigated to provide a thorough understanding of the effects of the choice of water model 
in these systems. Finally, the adsorption of H2O/CO2/CH4 mixture saturated with water in the CNTs 
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and in SiC-DC wetted by pre-adsorbed water will be studied to unveil the interplay between the 
water in the gas phase and the pre-adsorbed water, and its effect on the adsorption of the 
components CO2 and CH4 in the H2O/CO2/CH4 mixture. 
5.2. Simulation Details   
5.2.1. Carbon Models 
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Figure 5-1. Atomistic configurations of (a) CNT, (b) SiC-DC, and (c) the pore size distribution of 
SiC-DC. 
Table 5-1. Lennard–Jones parameters, partial charges and configurational parameters for the EPM2 
CO2, 5-site CH4 and SPC, SPC/E, TIP3P, TIP4P and TIP5P water 
  L-J parameters  
 
Molecular model 
l (nm) 
 (deg) 
Molecule atom   (K)  (nm) X (nm) Y (nm) Z (nm) Charge (e) 
(e) 
        CO2 C 28.129 0.2757 0.0 0.0 0.0 0.6512 
 O 80.507 0.3033 ±0.1149 0.0 0.0 -0.3256 
CH4 C 
H 
55.055 0.34 0.0 0.0 0.0 -0.66 
 H 7.901 0.265 0.0 0.102784 -0.036333 0.165 
    -0.089014 -0.051392 -0.036333 0.165 
    0.089014 -0.051392 -0.036333 
 
0.165 
    0.0 0.0 0.109 
 
0.165 
SPC H2O O 78.205 0.3166 0.0 0.0 0.0 -0.82 
 H 0.0 0.0 ±0.081649 0.0577359 0.0 0.41 
SPC/E H2O O 78.205 0.3166 0.0 0.0 0.0 -0.8476 
 H 0.0 0.0 ±0.081649 0.0577359 0.0 0.4238 
TIP3P H2O O 76.5686 0.315061 0.0 0.0 0.0 -0.8340 
  H 0.0 0.0 ±0.075695 0.058588 0.0 0.4170 
 TIP4P H2O O 77.9643 0.315365 0.0 0.0 0.0 0.0 
  H 0.0 0.0 ±0.075695 0.058588 0.0 0.52 
 M 0.0 0.0 0.0 0.015 0.0 -1.04 
TIP5P H2O O 80.539 0.312 0.0 0.0 0.0 0.0 
  H 0.0 0.0 ±0.075695 0.058588 0.0 0.241 
 M 0.0 0.0 0.0 -0.043879 ±0.0571543 
 
-0.241 
The atomistic configurations of the CNT and SiC-DC are displayed in Figure 5-1. All these carbons 
were treated as rigid structures with a Lennard-Jones (L-J) particle on each site. The geometric pore 
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size distribution of the SiC-DC is given in Figure 5-1(c) [37]. SiC-DC was originally synthesised in 
our lab by oxidation of a SiC precursor in a pure chlorine atmosphere at 1073 K, and its atomistic 
structure was subsequently modelled using hybrid reverse Monte Carlo (HRMC) simulations 
[11].The re-constructed atomistic structure of SiC-DC was validated by comparing the adsorption 
of Ar, CO2, and CH4 against experimental data over a wide range of temperature and pressure [11]. 
The armchair configuration was chosen for the CNTs, with physical diameters (0.1356n in an (n, n) 
nanotube) ranging from 0.81 to 2.03 nm. The SiC-DC was modelled as a periodic porous material 
with a unit cell dimension of 4.0 4.0 4.0   nm3, and a carbon density of 0.95 g/cm3.  
5.2.2. Molecular Models 
CO2 was modelled by the 3-site (EPM2) linear model of Harris and Yung [38], which accounts for 
the quadrupole of CO2 by assigning a point-charge on each atom. This model has been shown to 
represent the packing configuration of CO2 molecules in narrow carbon slits accurately [39]. In 
previous work, we have shown that the adsorption of pure CH4 in CNTs and porous carbons is 
overestimated, and the selectivities for CO2 over CH4 are severely underestimated by a united atom 
spherical model, in comparison to the full-atom tetrahedron molecule [14]. Therefore, the full-atom 
model proposed by Kollman and co-workers [40] for CH4 was used in this investigation. The 
parameters defining these models are given in Table 5-1. We adopted the Steele [41] parameters to 
represent the carbon atoms in CNTs and SiC-DC, with 0.34C  nm, / 28C Bk K  . The potential 
energy of the adsorbate-adsorbate and adsorbate-adsorbent atom interactions are described by the 
dispersion and electrostatic terms, following  
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              
                                 (5-1)  
where ( , )
ijr
  is the distance between two sites i and j of molecules  and  . The L-J size parameter
( , )
ij
   and well depth parameter ( , )ij
   for the unlike interactions were estimated using the Lorentz-
Berthelot mixing rules [42]. In eqn. (5-1), the first term on the right hand side represents the 
dispersive interactions, while the second term corresponds to the electrostatic interactions. In the 
second term, 
iq
 and jq

are the partial charges on sites i and j of molecules and  , and 0  is the 
permittivity of free space ( 12
0 8.8543 10
 
2C /J.m ). Prior to the simulations, adsorbate atom-
CNT and adsorbate atom-SiC-DC interaction energies were stored on 3 dimensional grids with 0.01 
nm spacing and 0.013 nm spacing respectively. Subsequently, during the actual simulation, as long 
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as the adsorbate molecule is in the simulation box, linear interpolation, based on the actual positions 
of the adsorbate molecule atoms, is used to calculate the adsorbate-adsorbent interactions as a 
summation of the interactions of all the atoms the adsorbate molecule owns. Long range corrections 
to the Coulombic terms were calculated by the Dot Line Method [43,44], which has proved to be 
effective for representing periodic charges of ions in cylindrical pores, although previous 
simulations [11] with these molecular models have indicated that the experimental data can be 
represented satisfactorily without long-range corrections. Periodic boundaries were applied in the 
axial direction of the CNTs and external adsorption was excluded.  
5.2.3. Grand Canonical Monte Carlo Simulations 
GCMC simulations were run at 300 K, with pressures up to 3.0 MPa. For the adsorption of binary 
CO2/CH4 mixtures and the ternary H2O/CO2/CH4 mixture saturated with water, we fixed the molar 
ratio of CO2/CH4 in the bulk phase at 5/95, and the partial pressure of H2O in the ternary mixture 
was set to be its experimental saturation pressure, 3.537 kPa, at 300 K. Details of implementing the 
GCMC simulations follow the same procedures used for studying the adsorption of CO2 in the 
presence of water in CNTs and CO2/CH4 mixtures in CNTs and disordered carbons, provided in 
chapters 3 and 4. The corresponding individual fugacities were determined from the Kunz and 
Wagner [45] equation of state for natural gas. For the adsorption of CO2/CH4 and H2O/CO2/CH4 
mixtures in adsorbents containing pre-adsorbed water, the number density of the pre-adsorbed water 
was based on helium pore volumes given by [6] 
exp[ ( ) / ]
S
sf
g He B
V
V u k T d  r r                                               (5-2)  
where the L-J parameters for helium were taken as  = 0.258 nm, /kB =10.22 K. Three fixed 
densities of pre-adsorbed water, 0.025 g/cm3, 0.05 g/cm3 and 0.10 g/cm3 were investigated with 
water molecules being allowed to move and rotate. At each point on the adsorption isotherms 
between 93.0and 6 10 configurations were run with the first 
91 10  being utilized for equilibration.  
We note here that for the CNT our simulation considers only adsorption in the internal pore space, 
and does not consider that on the external surface.  This is because in practical membranes the CNT 
will be imbedded in a support matrix, rather than being part of a disordered bundle. In such 
membranes effects of interaction between adsorptive molecules in neighbouring CNTs s will be 
insignificant at the supercritical temperatures investigated here, evident from the work of Rahimi et 
al. [46], showing negligible effects of interaction between molecules adsorbed on the inner and 
outer surfaces in their studies of CO2 adsorption at 303 K in nanotube bundles, for pressures up to 
40 bar. Nevertheless, correlations between adsorbed molecules in adjacent pores may be important 
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at very low temperatures, and have been shown to induce phase transitions [47], but are not of 
significance in the present conditions. 
5.3. Results and Analysis  
5.3.1 Adsorption of Water in CNTs and SiC-DC  
Using GCMC simulations at ambient temperatures and SPC/E water, Striolo et al. [30,48] reported 
that water generally filled carbon nanopores at pressures below its saturation pressure at ambient 
temperature. However, Liu and Monson [34]  pointed out that the GCMC method used by Striolo et 
al. [30,48] to determine saturation vapour pressure (SVP) of water overestimates the true value 
because GCMC simulations locate bulk metastable states near the vapor-liquid transition, which 
means that pore filling appears to occur below the saturation pressure. In their GCMC study of 
adsorption in carbon slit pores34, Liu and Monson determined the SVP of water by Gibbs ensemble 
Monte Carlo simulation, and found that for most pore sizes condensation did not occur until the 
relative fugacity was well in excess of unity. Factorovich et al. [49] used a coarse grained water 
model to explore water adsorption in a cylindrical capillary of diameter 2.8 nm with the specific 
objective of investigating the effect of contact angle. At ambient temperature, when the contact 
angle is 82.9°, approximately representing the interaction of water with a graphitic material, 
condensation of water occurs at a pressure several times larger than the SVP. On the other hand in a 
subsequent simulation, in which the adsorbent was represented as a disordered array of graphic 
platelets, condensation was found to occur below the SVP and this observation is in general accord 
with the results of Brennan et al. [50]  who studied water adsorption in a reconstructed carbon. The 
mechanism later suggested by Nguyen and Bhatia [51], in which water is initially trapped at highly 
constricted sites, offers a rationalisation of these observations.  
 
Figure 5-2. Adsorption isotherms of water in CNTs and SiC-DC, at 300 K. The inset depicts the 
isotherms of water in (15, 15) CNT and SiC-DC. 
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In Figure 5-2, we show the adsorption isotherms for SPC water, which reproduces the saturation 
pressure of water quantitatively at ambient temperature [34], in SiC-DC and CNTs of various 
diameter. The isotherms of all the CNTs studied and SiC-DC are type V in the IUPAC classification 
[52], with negligible adsorption at low relative pressures, followed by a steep pore filling at a 
critical relative pressure. Our results confirm that pore filling does not occur in CNTs, with 
diameters ranging from 0.81 to 2.03 nm, until the pressure is higher than the saturation pressure. 
Notwithstanding the uncertainty in the absolute value of the SVP, the relative pressure at which 
filling occurs in the isotherms in Figure 5-2 follow the same general trend as the results in reference 
[34]. In contrast, it has been found by Billemont et al. [20] and McCallum et al. [53] in their 
experimental studies that the condensation of water generally occurs below the SVP in disordered 
carbons containing hydrophilic functional groups, at ambient temperatures. This implies that 
complete hydrophobic carbons may be advantageous over carbons containing polar sites (which are 
hydrophilic) for separating CO2 from natural gas saturated with water, because the adsorption of the 
water component is negligible until its partial pressure is above the SVP. In this case, the effect of 
water vapor on the separation of CO2 from natural gas using hydrophobic carbons can be excluded 
safely, which will be investigated in the following section.  
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Figure 5-3.  Position dependence of water-carbon interaction energy for SPC water in CNTs.  
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Figure 5-4.  Density distributions and representative configurations of water in (a) (6, 6), (7, 7) and 
(8, 8) CNTs, and (b) in (10, 10) and (15, 15) CNT 
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The pore filling pressure exhibits non-monotonic variations with CNT diameter, which can be 
interpreted as a result of competition between the water-carbon interaction and the entropic effect.  
In Figure 5-3, the lowest relative pressure for pore-filling by water occurs in the (6, 6) CNT, as a 
consequence of the strong water-carbon interaction due to the overlap of the potential energy fields. 
Here, water molecules form a single file chain, with each molecule connecting a neighbour through 
hydrogen bonding. This is quantitatively confirmed by the average number of hydrogen bonds per 
water molecule in the CNT. The average numbers of hydrogen bond calculated in our simulations 
were1.79, 2.0, 2.72, 2.9 and 3.2 for the (6, 6), (7, 7), (8, 8), (10, 10) and (15, 15) CNTs, respectively, 
at a relative pressure of 3 (5 for (15, 15) CNT) and a temperature of 300 K. Two water molecules 
are considered to be hydrogen-bonded when the following geometric criteria are satisfied: 
0.375O OR    nm, 0.246O HR   nm, and 
030OO OH   , where the bond angle is between the 
OH bond of the hydrogen donor and the O O direction [54]. The corresponding density 
distributions and the representative configurations of water in these CNTs are depicted in Figure 5-4. 
From Figures 5-3 and 5-4 we note that, while the water-carbon interaction strength has reduced 
dramatically in the (7, 7) CNT, the degree of confinement remains rather high, which is evident 
from the quasi two-dimensional configuration of water molecules and the small average number of 
hydrogen bonds in the (7, 7) CNT. As a result, the pore-filling pressure shifts to a much higher 
value of 1.75 in the (7, 7) CNT, and is even higher than for the larger (8, 8) and (10, 10) CNTs. It is 
apparent that the confinement in (8, 8) and (10, 10) CNTs is much weaker than in the (7, 7) CNT, 
since the average numbers of hydrogen bond are much closer to that of bulk water, and the water 
molecules form a monolayer in the (8, 8) CNT and a monolayer with a central chain of water 
molecules in the (10, 10) CNT. Despite the weaker adsorbent potential energy the (8, 8) and (10, 10) 
CNTs offer a more favorable pore space for the formation of H-bonded networks and consequently 
for the adsorption of water, in comparison to the (7, 7) CNT. Therefore, the pore filling of water in 
(8, 8) CNT occurs at a slightly higher pressure compared to that in the (6, 6) CNT, and the pore 
filling relative pressure in the (10, 10) CNT shifts up to 1.5. For the larger (15, 15) CNT, water 
molecules form multilayers, and the pore filling occurs at a relative pressure of 3.1, which is even 
higher than the critical pressure of about 2.0 for SiC-DC at 300 K. Although the SiC-DC has a wide 
pore size distribution ranging from 0.2 nm to 1.3 nm, the potential energy of interaction of 
adsorbate with the adsorbent is actually weaker than in the (10, 10) CNT which has a diameter of 
1.36 nm [14]. In the narrowest pores the strong confinement restricts the formation of hydrogen 
bonds and there is negligible adsorption of water in these pores at low relative pressures. On the 
other hand, the water-carbon interaction becomes much weaker in larger pores due to the low 
carbon density of SiC-DC framework. It should be mentioned that if active sites in the form of 
functional groups are present, water would adsorb into disordered structures at low relative 
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pressures and then nucleate further adsorption as pressure increased [50]. As suggested by Wang et 
al. [55] and Alexiadis and Kassinos [56], the computed structure of water inside CNTs may depend 
on the interaction parameters used in simulations, accounting for the considerable discrepancy in 
the results of different studies. However, n-gonal rings [57] and spiral columns of water molecules 
observed in other simulations in CNTs [58], were not in found in our work which is otherwise 
consistent with the results of Wang et al. [52] and Mashl et al. [59].    
5.3.2. Effect of Water Vapor on the Adsorption of CO2/CH4 Mixtures in Porous Carbons 
pressure (MPa)
0.01 0.1 1
a
d
s
o
rp
ti
o
n
 (
m
o
l/
k
g
)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
CO2, in CO2/CH4 mixture
CO2, in H2O/CO2/CH4 mixture
CH4, in CO2/CH4 mixture
CH4, in H2O/CO2/CH4 mixture
H2O, in H2O/CO2/CH4 mixture
3
(a)
 pressure (MPa)
0.01 0.1 1
a
d
s
o
rp
ti
o
n
 (
m
o
l/
k
g
)
0
1
2
3
4
5
CO2, in CO2/CH4 mixture
CO2, in H2O/CO2/CH4 mixture
CH4, in CO2/CH4 mixture
CH4, in H2O/CO2/CH4 mixture
H2O, in H2O/CO2/CH4 mixture
(b)
3
 
Figure 5-5. Adsorption isotherms of binary CO2/CH4 and ternary H2O/CO2/CH4 mixtures in (a) (7, 
7) CNT and (b) SiC-DC, at 300 K. The mole ratio of CO2/CH4 is 5/95 in the gas phase for both 
mixtures. 
For both the binary CO2/CH4 mixture and the ternary H2O/CO2/CH4 mixture saturated with water, 
we fixed the mole ratio of CO2 to CH4 at 5: 95 in the bulk phase, similar to the composition of 
natural gas. The adsorption isotherms of H2O/CO2/CH4 and CO2/CH4 mixtures in the (7, 7) CNT 
and SiC-DC are depicted in Figure 5-5. One question which is raised is whether the presence of 
CO2 and CH4, will induce noticeable adsorption of water at or below the water saturation pressure 
by virtue of the additional water-adsorbate (CH4+CO2) interactions. Our simulations reveal that 
there is no increase in the adsorption of water in either of the carbons, over the pressure range 
studied. Initially, only small amounts of CO2 and CH4 are adsorbed in the (7, 7) CNT and SiC-DC 
at low pressures, so the contribution from interaction of water with the other adsorbates is 
insignificant. At higher pressures, the partial pressures of CO2 and CH4 become much higher than 
that of the saturated water, and CO2 and CH4 starts to fill the adsorbent space. Therefore, although 
there are additional interactions of water with CO2 and CH4 there is little adsorption volume 
remaining for water to form clusters. Subsequently, no enhanced adsorption of water was observed 
for the ternary mixture, for which the water adsorption resembles that of pure water.  The 
adsorption isotherms of CO2 and CH4 therefore remain nearly unchanged by water vapor. It should 
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be noted that, at fixed total pressure, the partial pressures of CO2 and CH4 in the H2O/CO2/CH4 
mixture are slightly lower than their counterparts in the CO2/CH4 mixture, particularly for low total 
pressures. This is responsible for the reduced adsorption of CO2 and CH4 for the ternary mixture in 
the (7, 7) CNT in comparison to the adsorption of binary CO2/CH4 mixture at low pressures. 
However, at high pressures, the reduction in the partial pressures of CO2 and CH4 becomes 
negligible, so the effect of water on the adsorption of CO2 and CH4 in the (7, 7) CNT diminishes. 
The amounts of CO2 and CH4 adsorbed in the SiC-DC are much lower than those adsorbed in the (7, 
7) CNT at low pressures because of the weaker adsorbate-adsorbent interactions in SiC-DC [14],  so 
reducing the partial pressures of CO2 and CH4 slightly reduces the adsorption of CO2 and CH4 only 
insignificantly. Consequently, the effect of water vapor on the adsorption of CO2 and CH4 in the 
SiC-DC is negligible over the entire range of pressure.  
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Figure 5-6. Variation of (a) adsorbed amount of CO2, and (b) CO2 selectivity of CNT with CNT 
diameter, at 0.1 MPa and 300 K for CO2/CH4 mixture and H2O/CO2/CH4 mixture saturated with 
water. The mole ratio of CO2/CH4 is 5/95 in the gas phase for both mixtures.  
For comparison purposes, we also investigated the adsorption of a H2O/CO2/CH4 mixture in the 
series of armchair CNTs from (6, 6) to (15, 15) at 0.1 MPa and 300 K. As is evident from Figure 5-
6, the effect of saturated water on the adsorption of CO2 and CH4 is negligible over the whole 
diameter range. The amount of CO2 adsorbed and the CO2/CH4 selectivity all achieve their maxima 
in the (7, 7) CNT having a diameter of 0.95 nm for which the CH4 and CO2 interaction with the 
pore is close to optimum [60].  Here, the equilibrium selectivity for CO2 over CH4 is calculated as,
   
2 2 2 4 4
/ /CO CO CO CH CHS x y x y , where ix and iy are the mole fractions of species i in the adsorbed 
phase and the bulk phase, respectively. The performance of the (7, 7) CNT is, to a remarkable 
extent, superior to that of the disordered porous carbon. These simulations demonstrate the 
significant potential of pure carbonaceous adsorbents for the capture of CO2 from natural gas due to 
the fact that little or no water is adsorbed under realistic conditions and suggest that preliminary 
dehydration of natural gas may not be required in order to achieve a satisfactory separation of CO2.  
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5.3.3. Effect of Pre-adsorbed Water on the Adsorption of CO2/CH4 Mixture  
In this section, three typical densities of pre-adsorbed water: 0.025 g/cm3, 0.05 g/cm3 and 0.10 
g/cm3 were considered. The water was represented by the SPC model, and the (7, 7) CNT and SiC-
DC were chosen as adsorbents. Figures 5-7(a) and (b) depict the radial distribution functions (RDFs) 
of the pre-adsorbed water with the density of 0.05 g/cm3 in these carbons at pressures of 0.1 MPa, 
1.0 MPa and 3.0 MPa. The water forms H-bonded clusters on the hydrophobic surfaces, as 
confirmed by the snapshots for the water density of 0.05 g/cm3 at a pressure of 0.1 MPa, shown in 
Figure 5-7(c). The positions of the first peaks of the RDFs are at 0.276 nm, in good agreement with 
neutron diffraction measurements [61] and GCMC simulations [54] for bulk water. However, the 
calculated average numbers of hydrogen bonds for the water clusters at 0.1 MPa, are 1.83 and 2.20 
respectively in the (7, 7) CNT and SiC-DC. Both of these are substantially smaller than the value of 
3.4 for bulk water calculated from GCMC simulations at 0.1 MPa and 300 K, as a result of low 
water density and the strong confinement in these carbons [54,55]. Note that, in the narrow (7, 7) 
CNT, more distant molecules are excluded from the water clusters and consequently the second 
peak in the RDFs at 0.43 nm is weaker than in the SiC-DC. The ensemble average cluster size of 
the pre-adsorbed water was determined using the method previously used by Liu and Bhatia [54]. 
The cluster size distributions are depicted in Figure 5-8, verifying the formation of smaller water 
clusters in the (7, 7) CNT.  
Figure 5-9 shows the adsorption isotherms for CH4 and CO2, and the variation of the CO2/CH4 
selectivity with pressure in the systems with pre-adsorbed water. As pressure is increased the 
adsorption of CO2 and CH4 increases and limits the adsorption volume, constraining the formation 
of large water clusters and increasing the interactions between CO2, CH4 and the water clusters [54]. 
As a consequence, the water clusters tend to split into multiple smaller ones [54], as confirmed by 
the decrease in average cluster size. As demonstrated in our previous work [54], splitting a larger 
water cluster into multiple smaller ones enhances the cooperative interactions between water and 
the other adsorbates and promotes the adsorption of CO2 over CH4.  
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Figure 5-7. Radial distributions of pre-adsorbed water at 300 K in (a) (7, 7) CNT, and (b) SiC-DC 
at a water density of 0.05 g/cm3 and pressures of 0.1, 1.0 and 3.0 MPa, and the corresponding 
snapshot of water clusters in the (c) (7, 7) CNT, and (d) SiC-DC at 0.1 MPa. The mole ratio of 
CO2/CH4 is 5/95 in the gas phase for the CO2/CH4 mixture. The intensity of RDFs is relative to that 
of bulk water having density of 1.0 g/cm3.  
pressure (MPa)
0 1 2 3
a
v
e
ra
g
e
 c
lu
s
te
r 
s
iz
e
4
5
6
7
8
9
10 (a) (7, 7) CNT
 pressure (MPa)
0 1 2 3
a
v
e
ra
g
e
 c
lu
s
te
r 
s
iz
e
10
12
14
16
18
20
22
(b) SiC-DC
 
Figure 5-8. Variation of the average cluster size of water with total pressure at 300 K for (a) (7, 7) 
CNT and (b) SiC-DC at a water density of 0.05 g/cm3. The mole ratio of CO2/CH4 is 5/95 in the gas 
phase for the CO2/CH4 mixture. Lines are guides to illustrate the trend. 
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Figure 5-9. Adsorption isotherms of CO2 and CH4 in (a) (7, 7) CNT, (b) SiC-DC, and pressure 
variation of the selectivities of (c) (7, 7) CNT, and (d) SiC-DC, at 300 K, in the presence of 
different amounts of pre-adsorbed water. The mole ratio of CO2/CH4 is 5/95 in the gas phase for the 
CO2/CH4 mixture. 
  
Figure 5-10. Pressure variation of (a) CO2-H2O and CH4-H2O, and (b) and CO2-host and CH4-host 
interaction energies, in (7, 7) CNT and SiC-DC at 300 K, at a water density of 0.05 g/cm3, from 
GCMC simulations. The mole ratio of CO2/CH4 is 5/95 in the gas phase for the CO2/CH4 mixture. 
The red dashed line represents zero interaction energy.   
To gain insight into the effect of moisture on CO2 storage and CH4 recovery in coals, an issue that is 
important to enhanced coal bed methane (ECBM), Billemont et al. [20,21] experimentally studied 
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the adsorption of pure CO2 and CH4 in a disordered carbon, Filtrasorb 400, in the presence of pre-
adsorbed water at 318.15 K. They demonstrated that the adsorbed amounts of both CO2 and CH4 
decreased with increase in water loading, as a result of losing adsorption volume that is occupied by 
pre-adsorbed water. On the other hand, the effect of pre-adsorbed water on the adsorption of 
CO2/CH4 mixture in disordered and ordered carbons is also a practically important topic, and shows 
different behaviour, as discussed in detail here. As depicted in Figure 5-9 (a) and (b), while the 
amounts of CO2 and CH4 adsorbed in the (7, 7) CNT both decrease substantially with increase in 
the density of pre-adsorbed water, for SiC-DC only the adsorption of CH4 is reduced, and the 
adsorption of CO2 is in fact slightly enhanced, by increased water content. However, it is interesting 
to note that the CO2 selectivities of (7, 7) CNT and SiC-DC are both increased by increasing the 
density of pre-adsorbed water. The reduction in the isotherms of CO2 and CH4 in (7, 7) CNT is 
because the negative effect of losing adsorption volume that is occupied by pre-adsorbed water 
dominates over the positive effect of gaining the additional interactions with water on the 
adsorption of CO2 and CH4 [14,54]. In the narrow (7, 7) CNT having a diameter of 0.95 nm, CO2 
and CH4 distribute along the axis of the nanotube, forming an incomplete adsorbate layer in the 
cylindrical pore [14].  So, at fixed water loading, the average distances between the adsorbed CO2 
and CH4 and a water cluster in the narrow (7, 7) CNT are much larger than those in the SiC-DC. 
The ensemble average values of the interaction energies are computed by evaluating the decrement 
in the potential energy of the system after the successful insertion of an adsorbate molecule. As 
depicted in Figure 5-10 (a), at a pre-adsorbed water density of 0.05 g/cm3, the average water-
adsorbate interactions are much stronger in the SiC-DC than in the (7, 7) CNT, and do not change 
much with increasing pressure.  On the other hand, the water-CH4 interactions become more 
positive in the (7, 7) CNT due to the onset of repulsive interactions as the adsorption approaches 
saturation. This is not observed in SiC-DC because the adsorption of the CO2/CH4 mixture is far 
away from saturation within the pressure range studied. Figure 5-10 (b) also shows that the average 
CO2-adsorbent and CH4-adsorbent interactions are much weaker in the SiC-DC than in the (7, 7) 
CNT.  The combined effect of adsorbate-adsorbate and adsorbent-adsorbate energies shows that the 
additional water-adsorbates interactions, which promote the adsorption of the CO2/CH4 mixture in 
SiC-DC, are less effective in the (7, 7) CNT because they are too weak to overcome the effect of 
losing adsorption volume. However, at a fixed water loading, water reduces the adsorption of CH4 
much more than CO2, since it occupies more adsorption volume because of its high mole fraction in 
the gas phase. Moreover, the interaction of water with the more polar CO2 is stronger than with CH4, 
as shown in Figure 5-10 (a).  Accordingly, in SiC-DC the adsorption of CH4 decreases with increase 
in water loading, due to the dominant effect of losing adsorption volume, but the adsorption of CO2 
is slightly increased because the enhanced H2O-CO2 interactions are dominant. Similarly, this 
120 
 
enhancement in the adsorption of CO2 is also observed in disordered carbon Filtrasorb 400 by 
Billemont et al. [20,21] in their experimental work at rather low pressure, at which the adsorption 
volume loss effect is insignificant 
The selectivities of (7, 7) CNT and SiC-DC are both increased by increasing the density of pre-
adsorbed water because the additional water-adsorbate interactions promote the adsorption of CO2 
over CH4. As discussed in our previous work [14] increasing the total pressure enhances the 
cooperative adsorbate interactions, and the adsorbate sieving effect between the linear CO2 and the 
tetrahedral CH4 molecule, further enhances the adsorption of CO2 relative to CH4. However, since 
the adsorbate-adsorbent interactions decrease rapidly with increase in pressure, by up to 42.22%, in 
the SiC-DC, the contribution from the CO2-adsorbate cooperative interactions and the adsorbate 
sieving effect is completely negated by the reduction in the adsorbate-adsorbent interactions, 
resulting in a decrease in the selectivity of CO2. On the other hand, the maximum reduction in the 
adsorbate-adsorbent interactions in the (7, 7) CNT is only 14.6% and the adsorbate sieving effect is 
enhanced [14] and therefore the selectivity for CO2 increases with total pressure.   
At the typical pressures of, 0.1 MPa, 1.0 MPa and 3.0 MPa, the amount of CO2 adsorbed decreases 
almost linearly with water loading in the (7, 7) CNT, while the adsorption of CO2 in SiC-DC 
increases with water loading in a linear manner, as shown in Figure 5-11(a). Nevertheless, the 
selectivities of (7, 7) CNT and SiC-DC for CO2 relative to CH4 both increase almost linearly with 
increase in pre-adsorbed water at these three pressures. Note that, the selectivities increase more 
rapidly with water loading in the SiC-DC, in comparison to the (7, 7) CNT, due to the stronger 
water-adsorbate interactions in the SiC-DC. Quantitatively, as we increase the loading of pre-
adsorbed water from 0.0 g/cm3 to 0.1 g/cm3, the percentage increases in the selectivity of SiC-DC 
for CO2 over CH4 are 21.40%, 23.97% and 27.06%, corresponding to the pressures, 0.1 MPa, 1.0 
MPa and 3.0 MPa respectively, and the corresponding percentage increases in CO2/CH4 selectivity 
in the (7, 7) CNT are 10.40%, 11.48% and 15.40% respectively. After 1.0 MPa, the contribution of 
the adsorbate sieving effect and the CO2-adsorbates cooperative interactions becomes strong 
enough to offset the reduction in the adsorbate-adsorbent interactions that causes the decrease of 
CO2/CH4 selectivity with pressure in SiC-DC, leading the selectivity of SiC-DC for CO2 to level off 
over the pressure range from 1.0 to 3.0 MPa. Consequently, for all the water loadings considered, 
the selectivities of SiC-DC for CO2 over CH4 are rather similar between the pressures, 1.0 MPa and 
3.0 MPa, which is demonstrated in Figure 5-11 (b).  As discussed above, the strong confinement in 
the (7, 7) CNT severely limits the contribution of the additional water-CO2 interactions and 
subsequently induces a reduction in the adsorption of CO2 with water loading. Consequently, it is 
found that the adsorption of CO2 in, and the selectivity for, CO2 of the (10, 10) CNT having a larger 
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pore volume and a lower degree of confinement almost increase linearly with water loading at these 
pressures, demonstrated in Figure 5-16 in the supporting material. It should be emphasised here, 
that for all the water loadings studied, the amount of CO2 adsorbed and the CO2/CH4 selectivity 
achieve their maxima in the (7, 7) CNT at a pressure of 0.1 MPa and at 300 K, over the diameter 
range from 0.81 to 2.03 nm, and these are always superior to the SiC-DC with corresponding 
contents of pre-adsorbed water, shown in Figure 5-17 in the supporting material.   
  
Figure 5-11. Variations of (a) amount of CO2 adsorbed, and (b) CO2 selectivity, with water loading 
for (7, 7) CNT and SiC-DC, at 300 K, at pressures of 0.1 MPa, 1.0 MPa and 3.0 MPa. The mole 
ratio of CO2/CH4 is 5/95 in the gas phase for the CO2/CH4 mixture. 
5.3.4. Effect of Water Model on the Adsorption of CO2/CH4 Mixtures in Nanoporous Carbons  
In this section, we investigate the effect of the water model for pre-adsorbed water on the 
adsorption of CO2/CH4 mixtures in SiC-DC and the (7, 7) CNT. The simulated adsorption 
isotherms for CO2/CH4 mixtures in the presence of 0.05 g/cm
3
 pre-adsorbed water in SiC-DC using 
the TIP3P, SPC, SPC/E, TIP4P, and TIP5P models are depicted in Figure 5-12. Clearly, the choice 
of water model has little or no effect on the adsorption of CO2/CH4 mixture in SiC-DC when water 
is present as a pre-loaded component. It is found in our simulations that there is a slight increase in 
the amounts of CO2 and CH4 absorbed with the SPC/E model in comparison to the SPC model due 
to the stronger Coulombic interactions of CO2 and CH4 with SPC/E model, although this 
enhancement can hardly be seen in Figure 5-12.  Similar results were found for the (7, 7) CNT, 
which is depicted in Figure 5-18 in the supporting material. 
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Figure 5-12. Adsorption isotherms of CO2 and CH4 in SiC-DC, at a pre-adsorbed water density of 
0.05 g/cm3, at 300 K, with water represented by five different models. The mole ratio of CO2/CH4 is 
5/95 in the gas phase for the CO2/CH4 mixture. 
5.3.5. Effect of Pre-adsorbed Water on the Adsorption of H2O/CO2/CH4 Mixture in Porous 
Carbons   
It was reported by Müller et al. [62] in their simulations at ambient temperatures, that increasing the 
density of hydrophilic sites on an activated carbon induces a continuous pore filling process for 
water adsorption, leading to substantial adsorption of water at pressures far below saturation. It may 
therefore be expected that pre-adsorbed water would enhance further water adsorption in a similar 
way as it provides “active sites” to enhance the formation of additional hydrogen bonds with the 
water molecules of the H2O/CO2/CH4 mixture. To test this we simulated the adsorption of 
H2O/CO2/CH4 mixtures on carbons with 0.05 g/cm
3 of pre-adsorbed water. It is found the adsorbed 
water molecules grow on the “active sites” of the pre-adsorbed water to form water clusters. In 
Figure 5-13 (a) and (b) we show the pre-adsorbed-water pair distribution functions (PDFs). The 
lower intensity of the PDFs in comparison to the RDFs of pre-adsorbed water, depicted in Figure 5-
7, is because pre-adsorbed water in this case is hydrogen bonded to pre-adsorbed water and 
adsorbed water at the same time. The calculated average numbers of hydrogen bonds for the pre-
adsorbed water at 0.1 MPa, comprising those between adsorbed water and pre-adsorbed water and 
the pre-adsorbed water-pre-adsorbed water hydrogen bonds, are 2.18 and 2.59 respectively in the (7, 
7) CNT and SiC-DC [54]. These values are higher than the corresponding hydrogen bond numbers, 
1.83 and 2.20, for the pre-adsorbed water coexisting with the CO2/CH4 mixture in the (7, 7) CNT 
and SiC-DC having the 0.05 g/cm3 of pre-adsorbed water, verifying that hydrogen bonding occurs 
between the adsorbed water and the pre-adsorbed water. To visualize the water clusters formed by 
the additional hydrogen bonds, typical snapshots of water adsorbed + pre-loaded water are shown in 
Figure 5-13 (c). Considerable adsorption of saturated water vapor from the H2O/CO2/CH4 mixture 
is therefore occurring in both adsorbents. However, the enhancement in the adsorption of H2O is 
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less in the (7, 7) CNT, due to the restriction on cluster formation caused by the narrow one-
dimensional cylindrical structure.    
The isotherms of H2O, CO2, and CH4 for the H2O/CO2/CH4 mixture in the (7, 7) CNT and SiC-DC 
are depicted in Figure 5-14 (a) and (b).  At low pressures, the adsorption of water vapor completely 
dominates the adsorption of CO2 and CH4, because of the strong interaction with the pre-adsorbed 
water. However, as the total pressure is increased further, the partial pressures of CO2 and CH4 
become much higher than that of the saturated water vapour. CO2 and CH4 then competitively 
adsorb into the carbons, taking over most of the available adsorption volume and reducing the 
adsorption of the water component monotonically. The substantial adsorption of water in these 
wetted carbons enhances the volume loss effect and enhances the water-adsorbate interactions. Due 
to the narrow one dimensional structure and the strong confinement of the (7, 7) CNT, the total 
CO2-water and CH4-water interactions are only slightly enhanced at low pressures, in comparison to 
the corresponding interactions for the adsorption of CO2/CH4 mixture in (7, 7) CNT having the 
same amount of pre-adsorbed water, as demonstrated by comparing Figures 5-10 (a) and 5-15 (a). 
When the adsorption of the H2O/CO2/CH4 mixture approaches saturation at high pressures in the (7, 
7) CNT, CO2 and CH4 experience stronger repulsive interactions from water than for the adsorption 
of CO2/CH4 mixture in the presence of the same amount of pre-adsorbed water. The CO2-adsorbent 
and CH4-adsorbent interactions are not affected by the adsorption of larger amounts of water, as 
shown by comparison of Figures 5-10 (b) and 5-15 (b); consequently pre-adsorbed water reduces 
the adsorption of CH4 and CO2 while enhancing the adsorption of H2O significantly. 
In contrast to the narrow cylindrical pore, the CO2-water and CH4-water interactions are 
significantly enhanced by the larger adsorption of water at low pressures in the SiC-DC, which is 
evident from Figures 5-10 (a) and 5-15 (a). However, it is seen from Figure 5-14 (b) that from the 
pressure 0.8 to 1.0 MPa, the adsorption of water vapor experiences a big drop in SiC-DC, which 
subsequently induces a sharp drop in the adsorbate-water interactions, reflected in Figure 5-15 (a). 
Unlike the (7, 7) CNT having a uniform structure, the SiC-DC possesses a wide range of pore size 
distribution with the largest portion of volume in the size range of 0.90-1.0 nm, which is 
represented by the peak in Figure 5-1 (c). Initially, as the total pressure increases, water molecules 
adsorbed in the large pores having weaker adsorbate-adsorbent interactions are competitively 
excluded by CO2 and CH4 as a consequence of enhanced CO2 and CH4 partial pressures in the gas 
phase. Subsequently, when the total pressure reaches 0.8 MPa, water molecules adsorbed in the 
pores in the size range of 0.9 to 1.0 nm start to be wiped out by CO2 and CH4, inducing a dramatic 
drop in the adsorption of water vapor. When the total pressure increases beyond 1.0 MPa, the 
adsorption of water in the SiC-DC has become negligible considering the large adsorption volume 
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in SiC-DC, and it can be seen from 5-15 (a) the water-adsorbate interactions for CO2 and CH4 
decrease slightly with pressure and converge to those for the adsorption of binary CO2/CH4 mixture 
in wetted SiC-DC having a water density of 0.05 g/cm3, depicted in Figure 5-10 (a). However, as a 
result of competition between the adsorption volume loss and additional water-adsorbate 
interactions, pre-adsorbed water reduces the adsorption of CH4 and enhances the adsorption of CO2 
only slightly in SiC-DC. It is found that the additional water-adsorbate interactions promote the 
adsorption of CO2 over CH4 in both the (7, 7) CNT and SiC-DC in comparison to the adsorption of 
the H2O/CO2/CH4 mixture in the absence of pre-adsorbed water, and the selectivity for CO2 relative 
to CH4 is increased as shown in Figure 5-14 (c) and (d). Both the amount of CO2 adsorbed and the 
CO2/CH4 selectivity in the (7, 7) CNT are superior to that found for the SiC-DC adsorbent at 
atmospheric pressure and ambient temperature.  
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Figure 5-13. Radial distribution functions of pre-adsorbed water-adsorbed water for (a) (7, 7) CNT 
and, (b) SiC-DC, at a pre-adsorbed water density of 0.05 g/cm3, at 0.1 MPa, at 300 K, and (c) 
snapshots of water clusters in the (7, 7) CNT and SiC-DC. The mole ratio of CO2/CH4 is 5/95 in the 
gas phase for the H2O/CO2/CH4 mixture containing saturated water. Oxygen atoms are coloured in 
red for the pre-loaded water and coloured in cyan for adsorbed water. The intensity of RDFs is 
relative to that of bulk water having density of 1.0 g/cm3. 
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Figure 5-14.  Adsorption isotherms of H2O, CO2 and CH4 in dry and wetted (a) (7, 7) CNT, and (b) 
SiC-DC, and pressure variation of the CO2 selectivities of dry and wetted (c) (7, 7) CNT, and (d) 
SiC-DC, at 300 K. The content of pre-adsorbed in wetted (7, 7) CNT and SiC-DC is 0.05 g/cm3. 
The mole ratio of CO2/CH4 is 5/95 in the gas phase for the H2O/CO2/CH4 mixture containing 
saturated water.  
  
Figure 5-15. Pressure variation of (a) CO2-H2O and CH4-H2O, and (b) CO2-host and CH4-host 
interaction energies, in (7, 7) CNT and SiC-DC at 300 K, at a pre-adsorbed water density of 0.05 
g/cm3, from GCMC simulations. The mole ratio of CO2/CH4 is 5/95 in the gas phase for the 
H2O/CO2/CH4 mixture containing saturated water. The red dashed line represents zero interaction 
energy. 
5.4. Conclusions  
We have used GCMC simulations to study aqueous CO2/CH4 mixtures in CNTs and SiC-DC, at 
300 K. Our simulations using the SPC model confirm earlier studies that there is negligible 
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adsorption of water in carbon based adsorbents, that are devoid of polar functionalities, at ambient 
temperature below the saturated vapour pressure of water. However, the pore filling pressure for 
CNTs is dependent on the water-carbon interactions and the degree of confinement inside the 
carbon nanotube. While the pore filling pressure generally increases with increase in CNT diameter, 
within the diameter range investigated, the pore filling pressure for (7, 7) CNT is found to be 
anomalous. Water adsorption is negligible from H2O/CO2/CH4 mixtures saturated with water in the 
(7, 7) CNT and SiC-DC at 300 K, and the adsorption isotherms of CO2 and CH4 agree 
quantitatively with those for the dry CO2/CH4 mixture. The (7, 7) CNT is found to give the best 
performance in separating CO2 from H2O/CO2/CH4 mixture containing saturated water among all 
the CNTs investigated and is superior to that of the amorphous SiC-DC.   
When pre-adsorbed water is present in the pores, it forms hydrogen bonded clusters. Increasing the 
total pressure reduces the average size of clusters because the enhanced adsorption of CO2 and CH4 
at high pressures tends to split large water clusters into multiple smaller ones. The smaller clusters 
further promote the adsorption of CO2 over CH4 at high pressures. Increasing the content of pre-
adsorbed water enhances CO2 selectivities; at the pressures examined: 0.1 MPa, 1.0 MPa and 3.0 
MPa, the selectivities of these two carbons for CO2 increase almost linearly with the density of pre-
adsorbed water. However, the pre-adsorbed water reduces the adsorption capacities of both CO2 and 
CH4 in the (7, 7) CNT but reduces the adsorption of CH4 and enhances the adsorption of CO2 
slightly in the SiC-DC.  
The choice of water model, including SPC, SPC/E, TIP3P, TIP4P and TIP5P, was found to have 
negligible impact on the adsorption of CO2/CH4 mixtures considered.  The (7, 7) CNT always 
showed the best performance in separating CO2 from CO2/CH4 mixture among all the CNTs 
investigated and the SiC-DC for all the water loadings. For the H2O/CO2/CH4 mixture, pre-
adsorbed water behaves like a functional group or active site, and promotes a significant adsorption 
of additional water molecules which form hydrogen bonds with the existing water. Similarly, pre-
adsorbed water also enhances CO2 selectivity due to the additional cooperative water-adsorbate 
interactions, but reduces the adsorption capacities for the other components.  
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5.6. Supporting Information 
 
Figure 5-16. Variations of (a) amount of CO2 adsorbed, and (b) CO2 selectivity, with water loading 
for (10, 10) CNT, at 300 K, at pressures of 0.1 MPa, 1.0 MPa and 3.0 MPa. 
  
Figure 5-17. Variation of (a) adsorbed amount of CO2, and (b) CO2 selectivity of CNT with CNT 
diameter in the presence of different amounts of pre-adsorbed water, at 0.1 MPa and 300 K for the 
CO2/CH4 mixture. The mole ratio of CO2/CH4 is 5/95 in the gas phase. 
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Figure 5-18.  Adsorption isotherms of CO2 and CH4 in (7, 7) CNT, at a pre-adsorbed water density 
of 0.05 g/cm3, at 300 K, with water represented by five different models. 
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6 Molecular simulation of CO2 Separation from Flue Gas in Carbon Nanotubes 
and Carbon Nanotube Bundles 
While a thorough understanding of the performance of carbon nanotubes (CNTs) in separating CO2 
from natural has been obtained in previous chapters, a detailed investigation of the adsorption of 
CO2/N2 mixture in CNTs considering the effect of water vapor is also required. By accomplishing 
this, the performance of CNTs in CO2 separation from flue gas can be better determined. In this 
chapter, the adsorption of CO2/N2/H2O mixture saturated with water in isolated carbon nanotubes 
ranging from (6, 6) to (15, 15), silicon carbide derived carbon (SiC-DC), and  hexagonal (7, 7) CNT 
bundles with intertube distances ranging from 0.335 to 1.5 nm is studied using Monte Carlo 
simulations, at 300 K. Our simulations reveal that increasing the CNT diameter from 0.95 to 1.356 
nm increases the adsorption capacity for CO2 while reducing the selectivity for CO2 over N2. 
Among the diameters of the isolated CNTs investigated (ranging from 0.81 to 2.034 nm), the 
amount of CO2 adsorbed and the selectivity of CO2/N2 achieve their maxima in the isolated (7, 7) 
CNT having a diameter of 0.95 nm at 1.0 bar and 300 K, and these are significantly superior 
compared to SiC-DC. Due to the additional adsorption space limited by neighbouring CNTs and the 
enhanced adsorbate-host interactions inside the CNT, the adsorption of CO2 is significantly 
enhanced in all the CNT bundles investigated, compared to that in isolated (7, 7) CNT. While the 
maximum of the adsorption of CO2 and the maximum of CO2/N2 selectivity are achieved in bundles 
with different intertube distances, a weight coefficient is proposed and employed in this work to 
measure the performances of CNT bundles with different intertube distances regarding CO2 
separation from flue gas. It is found the (7, 7) CNT bundle with intertube distance of 0.335 nm 
gives the best performance in separating CO2 from flue gas, demonstrating the optimized balance 
between the adsorption of CO2 and the selectivity of CO2/N2, at 1.0 bar and 300 K. However, the 
space outside the individual CNTs is found to be less favorable adsorption space for CO2 compared 
to the internal space inside the CNT, for all the (7, 7) CNT bundles considered in this work at 300 K. 
For all the cases studied, negligible adsorption of saturated water vapor is observed, which hence 
imposes insignificant effect on the separation of CO2 from flue gas using hydrophobic carbons.       
6.1. Introduction 
The anthropogenic gas carbon dioxide (CO2), a major component of flue gas emitted from the fossil 
burning power plants, has been identified as the major contributor to global warming and climate 
change [1]. In post-combustion capture that requires removing CO2 from flue gas, the separation of 
CO2 from CO2/N2/H2O mixture saturated with water is the central task, as the flue gas generally 
contains water vapor formed when combusting hydrocarbons [2]. With this concern, investigations 
on nanoporous membrane materials have attracted widely attention [3-9], in order to find out 
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optimum materials that possess favorable adsorptive and transport properties for light gases. Since 
the discovery of SWCNTs by Iijima [10], they have been demonstrated to possess unique electronic, 
mechanical, and structure properties due to their thermal and chemical stability. The high specific 
surface area of CNTs, greater than 1000 m2/g, gives them intrinsic advantages for CO2 capture. 
Moreover, the transport diffusivities of light gases in CNTs has been found to be orders of 
magnitude faster than comparable diffusivities in polymeric pores, zeolites and other nanoporous 
materials [11-13]. Consequently, CNTs have been long treated as one of the most promising 
membrane materials for capturing CO2 from flue gas.  
As indicated in our previous studies [14, 15] regarding the separation of CO2 from natural gas, 
changing the diameter of the isolated CNTs affects the adsorption of CO2 as well as the selectivity 
of CO2 over CH4, and however, there even exists an optimum diameter to achieve the maxima of 
the adsorption of CO2 and the CO2/CH4 selectivity at the same time, at the atmospheric pressure and 
temperature. Accordingly, it is also critical to determine the optimized CNT diameter for the 
adsorption of CO2 and separation of CO2 from CO2/N2/H2O mixtures saturated with water in 
isolated CNTs. Nevertheless, the CNT membrane is usually synthesized from a vertically aligned 
CNT film, and then cast into membranes via polymer coating or chemical vapor deposition [16, 17]. 
Therefore, understanding the adsorption of CO2/N2/H2O mixture saturated with water in carbon 
nanotube bundles is vital to reveal the potential of CNTs in CO2 separation from flue gas. Generally, 
bundles of CNTs are considered to possess larger adsorption capacities for gases compared to the 
isolated CNTs, attributed to additional adsorption volume contributed by the interstice which is the 
interstitial channels among any three neighbouring CNTs, and the groove space which is the region 
between two opposite CNT surfaces. It has been revealed by Bienfait et al. [18] in their 
experimental work that adsorbate prefers to adsorb on the high energy-binding sites, such as the 
grooves and interstitial channels over the outer rounded surfaces of the CNT bundles formed by 
capped single-walled carbon nanotubes with an average diameter of 1.7 nm. Similar conclusions 
were also reported by Agnihotri et al. [19] in their experimental and simulation work conducted for 
CNT bundles with impurities, with most of the individual CNTs being blocked for internal 
adsorption. However, since the adsorption of adsorbate inside the CNT has been completely or 
partly excluded in their studies, the conclusion is somewhat biased, while further fixing the 
intertube distance and the diameters for the individual CNTs. One can expect that the binding 
energy inside the CNT should be enhanced by the closely packing individual CNTs, especially in 
the individual CNTs with smaller diameters in which the enhanced wall curvature will strengthen 
the binding energy inside the CNT while reducing the binding-energy outside of the CNT. Thus, in 
present work, the most favorable adsorption sites for the adsorption of CO2/N2/H2O mixtures will 
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be discussed among a wide range of intertube distance. Apart from determining the optimized 
diameter for isolated CNTs regarding the separation of CO2 from flue gas, the second factor that 
impacts the performance of CNT bundles in CO2 separation is the intertube distance, while affects 
the binding energies inside the CNT and in the space outside the CNT directly. Subsequently, in 
their simulations Rahimi et al. [20] observed a strong dependency of the CO2/N2 selectivity on the 
intertube distance for the adsorption of CO2/N2 (mole ratio is 15: 85) mixture in the double-walled 
carbon nanotube bundles, at 303 K.  
Unlike zeolites and metal organic frames (MOFs), basal hydrophobic carbons do not have strong 
active sites, such as the cations in the zeolites [21] and the open-metal sites and atomic charges in 
the MOFs [22-24], to strongly adsorb water molecules. Nevertheless, Striolo et al. [25, 26] 
demonstrated water could fill the carbon slit pores in the widths of 0.8 to 1.6 nm below the 
saturation pressure of water at ambient temperature, and the relative pressures at which pore filling 
occurs are even lower in carbon nanotubes having the similar diameters. Particularly, stacking the 
CNTs into bundles will enhance the adsorbate-carbon interactions [20], hence the question arises 
that how the moisture contained in the flue gas affects the adsorption of the components, CO2 and 
N2 and the separation of CO2 from flue gas in the isolated CNTs and the CNT bundles. In summary, 
the optimized the diameter for isolated CNTs regarding CO2 separation from flue gas will be 
determined in the first place and the optimized intertube distance for the CNT bundles assembled 
using the CNTs having the optimized diameter will be determined as well in the present work. 
However, in all the cases, the effect of water vapor in the flue gas on the separation of CO2 will be 
considered.  
6.2. Simulation Details   
6.2.1. Carbon Models 
(a) single CNT (b) CNT bundle (c) SiC-DC (d) element unit cell of the CNT bundle 
Figure 6-1. Atomistic configurations of (a) CNT, (b) CNT bundle, (c) SiC-DC, and (d) the 
schematic view of the element unit cell of the CNT bundles. 
The adsorption of CO2/N2/H2O mixture saturated with water in the isolated single CNTs, CNT 
bundles and a disordered nanoporous carbon, SiC-DC is investigated in present work to reveal the 
potential of CNTs in separating CO2 from flue gas. The atomistic configurations of the CNT, CNT 
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bundle and SiC-DC are demonstrated in Figure 6-1. All these carbons were treated as rigid 
structures with a Lennard-Jones (L-J) particle on each site. When we exclusively consider the 
adsorption of the mixture in the internal space of the isolated CNTs, a periodic boundary condition 
is only applied in the axial direction, excluding the adsorption outside the CNT. However, for the 
CNT bundles, periodic boundary conditions are applied in all the dimensions, in order to shed the 
light on the adsorption of gas molecules in the interstices and grooves. We investigated the 
adsorption of CO2/N2/H2O mixture in a variety of armchair CNTs, with the diameter ranging from 
0.81 to 2.03 nm, and the corresponding lengths decreasing from 19.6 to 12.2 nm. As depicted in 
Figure 6-1 (b) and (d), the bundles of single-walled CNTs were arranged in a hexagonal lattice so 
that both the element unit cell of the CNT bundle and the simulation box for the bundle can be 
periodically replicated in X, Y, Z directions. The intertube distance between two adjacent CNTs is 
defined by subtracting the nominal diameter of the CNT from the center to center distance between 
these two CNTs. Moreover, the intersection angles among any three neighbouring CNTs are fixed 
at 
060 , leading to 060     . We varied the intertube distance for the (7, 7) CNT arrays from 
0.335 to 1.5 nm to find out the optimized intertube distance to separate CO2 from the CO2/N2/H2O 
mixture, and reveal its relative potential to the isolated single CNT regarding this practice. The 
dimensions (z is the axial direction) of the CNT arrays, 
x y zL L L  correspondingly increase from 
3.86 4.46 4.80   nm3 to 7.36 8.49 4.80   nm3 when we increase the intertube distance from 0.335 
to 1.5 nm.   
Table 6-1. Lennard–Jones parameters, partial charges and configurational parameters for the EPM2 
CO2, 3-site N2 and SPC water. 
  L-J parameters  
 
Molecular model 
l (nm) 
 (deg) 
Molecule atom   (K)  (nm) X (nm) Y (nm) Z (nm) Charge (e) 
(e) 
        CO2 C 28.129 0.2757 0.0 0.0 0.0 0.6512 
 O 80.507 0.3033 ±0.1149 0.0 0.0 -0.3256 
N2 N 
H 
36.4 0.3318 0.0 0.0 ±0.0549 -0.40484 
 M 7.901 0.265 0.0 0.0 0.0 0.80968 
SPC H2O O 78.205 0.3166 0.0 0.0 0.0 -0.82 
 H 0.0 0.0 ±0.081649 0.0577359 0.0 0.41 
The SiC-DC was synthesised in our lab by oxidation of SiC  precursor in pure chlorine 
atmosphere at 1073 K, and the atomistic structure for the SiC-DC was accordingly modelled in our 
laboratory using hybrid reverse Monte Carlo (HRMC) simulations [27, 28]. The constructed 
atomistic structure of SiC-DC was validated by comparing the adsorption of Ar, CO2, and CH4 
against experimental data over a wide range of temperature and pressure [27].  The SiC-DC was 
modelled as a periodic porous material with the unit cell dimension of 4.0 4.0 4.0   nm3, the 
carbon density of which is 0.95 g/cm3.    
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6.2.2. Molecular Models 
In the present work, the geometric configuration of the adsorption space varies dramatically when 
the adsorbents change from well-shaped CNTs, and CNT arrays to disordered SiC-DC, such that the 
geometric configuration of the adsorbate molecule should also be consider explicitly [14]. The 3-
site (EPM2) linear model proposed by Harris and Yung,[29] which accounts for the quadrupole of 
CO2 explicitly by assigning a point-charge on each atom, was chosen to represent CO2. The model 
has been shown to represent the packing configuration of CO2 molecules in narrow carbon slits 
accurately [30]. Similarly, the three site, MSKM model [31] with two L-J nitrogen atom each 
carrying a negative charge, and a dummy particle located at the center of mass of the molecule 
carrying the positive charge to maintain the electrostatic neutrality, [32] was adopted to describe N2. 
The SPC model was reported to reproduce the saturation pressure of water at ambient temperature 
very well [33], it was hence adopted to investigate the adsorption of CO2/N2/H2O mixture in this 
work. The potential energy parameters and the atomistic configurational parameters of CO2, N2 and 
H2O are given in Table 6-1.  
We adopted the Steele [34] parameters to represent the C atoms in CNTs and SiC-DC, with 
0.34C  nm, 28C K  . Subsequently, the specific potential energies of the adsorbate-adsorbate 
and adsorbate-adsorbent are described by the dispersion and electrostatic interactions, following  
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 where
( , )
ijr
 
is the distance between two sites i and j of molecules  and  . The L-J size parameter
( , )
ij
   and well depth parameter 
( , )
ij
   for the unlike interactions are estimated using the Lorentz-
Berthelot mixing rules [35]. In eqn. (6-1), the first term in the right hand side represents the 
dispersive interactions, while the second term corresponds to the electrostatic interactions. In the 
second term, iq

and jq

are the partial charges on sites i and j of molecules and  , and 0  is the 
permittivity of free space ( 12
0 8.8543 10
 
2C /J.m ). In prior to the simulations, the potential 
energies of adsorbate-CNT, adsorbate-CNT bundle and adsorbate-SiC-DC are stored on grids with 
0.01, 0.01 nm and 0.013 nm spacings respectively. The linear interpolation was then used to 
calculate the adsorbate-adsorbent interactions for each component during the simulations. As 
confirmed in our previous simulations, [27] the adsorption of multisite CO2 and CH4 in SiC-DC 
agreed well with the experimental data without the long-range corrections for the coulombic 
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interactions. For the adsorption of water in carbons, Liu and Monson [33] and Striolo et al. [25] 
accurately simulated the adsorption of water vapor in carbon slit pores and CNTs without applying 
long range corrections. Therefore, in grand canonical Monte Carlo (GCMC) simulations, once the 
adsorbates are electrostatic neutral, the long range corrections for the coulomb interactions are not 
essential, as long as the cut off distance is long enough. Accordingly, we calculated the adsorbate-
adsorbate coulomb interactions directly in the single CNTs, CNT bundles and the SiC-DC using the 
center-of-mass cut-off radius of 1.90 nm.  
6.2.3. Grand Canonical Monte Carlo Simulations 
GCMC simulations were used to study the adsorption of CO2/N2/H2O mixture in CNTs, CNT 
bundles and SiC-DC at 300 K, with the pressure up to 15 bar. In the GCMC simulations, the 
adsorbate chemical potential a  and the system volume V and temperature T were held constant. 
The number of adsorbate molecules was allowed to fluctuate, as well as the location and the 
orientation of each adsorbed molecule within the nanopores. The implementation of GCMC 
simulation contains three typical trial moves, including insertion, deletion and displacement of 
particles. The numbers of insertion and deletion attempts were set equal throughout simulations to 
maintain microscopic reversibility.  
In terms of the co-adsorptions of ternary CO2/N2/H2O mixture, we fixed the CO2/N2 composition 
(molar ratios) in the bulk phase at 20/80, and the partial pressure of H2O for the ternary mixture was 
set to be its experimental saturation pressure, 3.537 kPa  at 300 K [15]. The corresponding 
individual fugacities (in lieu of chemical potential a ) for GCMC simulations were determined 
from the Kunz and Wagner [36] natural gas equation of state (EOS). Eventually, for obtaining the 
isotherm, each single simulation has at least
93.0 10  configurations (up to 5 billion configurations), 
with the first 
91 10 configurations of which being utilized for equilibration.  
6.3. Results and Analysis  
6.3.1. Adsorption of CO2/N2/H2O Mixture in Single CNTs 
The adsorption isotherms of CO2/N2/H2O mixture in the isolated (7, 7) and (10, 10) CNTs are 
depicted in Figure 6-2(a). We fixed the mole ratio of CO2 to N2 at 20: 80 in the bulk phase for the 
ternary CO2/N2/H2O mixture saturated with water. It is noticeable that at the low pressure, below 
0.5 bar, both the amounts of CO2 and N2 adsorbed are greater than those in the (10, 10) CNT. 
Particularly, up to a total pressure of 5 bar the adsorption of CO2 in the (7, 7) is more significant 
than that in the (10, 10) CNT, due to the enhanced adsorbate-adsorbent interactions in the (7, 7) 
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CNT, depicted in Figure 6-3. In Figure 6-3, the ensemble averaged values of the interaction 
energies are computed by evaluating the decrement in the potential energy of the system on the 
successful insertion of an adsorbate molecule [37]. However, as the adsorbate-CNT (CO2-CNT or 
CH4-CNT) interactions are much stronger for CO2 over N2, further increase the pressure in the (7, 7) 
CNT will selectively prompt the adsorption of CO2 over N2, leaving limited accessible adsorption 
volume to N2. Although the CO2 and N2 are both linear molecules, CO2 has an effectively smaller 
diameter (perpendicular to the axial of the molecule, 0.3033 nm) compared to the N2 (0.3318 for the 
effective diameter), so that CO2 can accommodate itself in smaller spaces from which the N2 
molecule will be excluded due to its larger diameter. This phenomenon is also confirmed in our 
previous study for the adsorption of CO2/CH4 mixture in the (7, 7) CNT, in which CO2 and CH4 
form a quasi-two dimensional structure [14]. Therefore, as the adsorption of CO2 keeps increasing 
noticeably with increase in the total pressure, the adsorption of N2 in the (7, 7) CNT increases only 
slightly with pressure after 1 bar, approaching saturation after 1 bar, at 300 K. Nevertheless due to 
its larger available adsorption volume, both the amounts of CO2 and N2 adsorbed in the (10, 10) 
CNT increase noticeably with increase in the total pressure, and exceed those in the (7, 7) CNT at 
high pressures. As depicted in Figure 6-3, within the pressure range investigated, CO2-CNT 
interactions are much stronger than the N2-CNT interactions. As a consequence, CO2 is always 
preferentially to be adsorbed over N2 in the CNTs. Further, the selectivities of the (7, 7) and (10, 10) 
CNTs for CO2 over N2 are demonstrated in Figure 6-2(b). It is shown, over the entire pressure range 
investigated, the CO2/N2 selectivities are significantly superior in the (7, 7) CNT having a diameter 
0.95 nm in comparison to the (10, 10) CNT having diameter of 1.356 nm. Here, the equilibrium 
selectivity for CO2 over N2 is calculated as,    
2 2 2 2 2
/ /CO CO CO N NS x y x y , where ix and iy are the 
mole fractions of species i in the adsorbed phase and the bulk phase, respectively. However, due to 
the hydrophobic nature of carbons, the adsorption of H2O is negligible for both the (7, 7) and (10, 
10) CNTs, imposing negligible impact on the adsorption of components, CO2 and N2, which also 
emphasises the statement that hydrophobic carbons have intrinsic advantage for CO2 separation 
from flue gas, due to the fact that little or no water is adsorbed under realistic conditions.  
As the diameter of the CNTs affects both the adsorption of CO2 and the CO2/N2 selectivity in the 
CNTs, it is of interest and practical significance to determine the effect of diameter on the 
adsorption of CO2/N2/H2O mixture in the CNTs, particularly at atmospheric pressure, 1.0 bar, and 
room temperature, 300 K. Therefore, we also investigated the adsorption of the CO2/N2/H2O 
mixture in a series of armchair CNTs from (6, 6) to (15, 15) with diameters ranging from 0.81 to 
2.034 nm, at 1.0 bar and 300 K. As is evident from Figure 6-4, the amount of CO2 adsorbed and the 
CO2/N2 selectivity achieve their maxima in the (7, 7) CNT, in which the CO2 and N2 interaction 
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with the pore is close to optimum, indicative of the optimized balance between the strong 
confinement and accessible adsorption volume inside the nano pore [38]. The adsorption of 
CO2/N2/H2O mixture in the conventional disordered activated carbon SiC-DC is also studied at 1.0 
bar 300 K. Evidently, the performance of the (7, 7) CNT is vastly superior to that of the disordered 
porous carbon, in regards of the CO2 adsorption and the CO2/N2 selectivity. Therefore, it is 
concluded that the isolated (7, 7) CNT provides the best performance in separation of CO2 from flue 
gas among the CNTs investigated and the disordered activated carbon.  
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Figure 6-2. (a) Adsorption isotherms of ternary CO2/N2/H2O mixture saturated with water in (7, 7) 
and (10, 10) CNTs, and (b) the corresponding selectivities of these two CNTs for CO2 over N2, at 
300 K. The mole ratio of CO2/N2 is 20/80 in the gas phase for the mixture. 
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Figure 6-3.  Pressure variation of CO2-CNT and N2-CNT interaction energies, in (7, 7) and (10, 10) 
CNTs at 300 K, from GCMC simulations. The mole ratio of CO2/N2 is 20/80 in the gas phase for 
the mixture. 
141 
 
diameter (nm)
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
a
d
s
o
rp
ti
o
n
 o
f 
C
O
2
 (
m
o
l/
k
g
)
0.0
0.5
1.0
1.5
(a)
SiC-DC
 diameter (nm)
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
0
10
20
30
40
50
(b)
C
O
2
/N
2
 s
e
le
c
ti
v
it
y
SiC-DC
 
Figure 6-4. Variation of (a) adsorbed amount of CO2, and (b) CO2 selectivity of CNT with CNT 
diameter, at 1.0 bar and 300 K for CO2/N2/H2O mixture saturated with water. The mole ratio of 
CO2/N2 is 20/80 in the gas phase for the mixture. 
6.3.2. Adsorption of CO2/N2/H2O Mixture in CNT Bundles 
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Figure 6-5. (a) Adsorption isotherms of ternary CO2/N2/H2O mixture saturated with water in (7, 7) 
CNT and (7, 7) CNT bundle with the intertube distance being 0.5 nm, and (b) the corresponding 
selectivities of these two structures for CO2 over N2, at 300 K. The mole ratio of CO2/N2 is 20/80 in 
the gas phase for the mixture.  
In practice, CNTs are fabricated into bundles to separate CO2 [39]. As our simulations have 
revealed that the maxima of the adsorption of CO2 and the CO2/N2 selectivity can be achieved in the 
(7, 7) CNT at atmospheric pressure and room temperature, it is further necessary to understand the 
performance of (7, 7) CNT arrays in separating CO2 from CO2/N2/H2O mixture saturated with water. 
As depicted in Figure 6-5, due to the additional adsorption space on the exterior surface of the 
CNTs and the enhanced adsorbate-adsorbent interactions inside the CNT attributed to the close 
packing of neighbouring CNTs, the amounts of CO2 and N2 adsorbed in the CNT bundle with an 
intertube distance of 0.5 nm are significantly larger than those in the isolated (7, 7) CNT. However, 
it is found that for the CNT bundle the interaction of the adsorbate with the external carbon wall in 
the interstices and grooves is actually much weaker than that of the adsorbate with the internal 
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carbon wall inside the isolated CNT, demonstrated in Figure 6-6. It can be seen the ensemble 
averaged adsorbate-host interaction energies (ensemble averaged over the interaction energies of 
the adsorbate-internal wall and the adsorbate-external wall for the CNT bundle, and over the 
interaction energies of the adsorbate-internal wall only for the isolated (7, 7) CNT) are generally 
stronger inside the isolated (7, 7) CNT, suggesting that the adsorbate-external wall interactions are 
weaker than the counterparts for the adsorbate-internal wall inside the CNT for the CNT bundle. As 
indicated above, the interaction energy was determined from GCMC simulations based on all the 
successful insertions of molecules, so the exceptionally stronger adsorbate-host interactions for the 
CNT bundle in comparison to the isolated single (7, 7) CNT at rather low pressure is due to the 
exclusive adsorption of CO2 and N2 onto the internal surface of the CNT, in which the adsorbate-
internal carbon wall interaction has been enhanced by the neighbouring CNTs, while the adsorption 
of CO2 and N2 on the external surface remains negligible at 0.1 bar and 300 K. Accordingly, once 
the adsorption of CO2 and N2 in the interstices becomes more prevalent, the ensemble averaged 
adsorbate-host interactions in the CNT bundles become weaker than that in the isolated (7, 7) CNT, 
at 300 K. A GCMC simulation snapshot of the configuration of CO2 and N2 adsorbed in the (7, 7) 
CNT bundle with intertube distance of 0.5 nm, at 1.0 bar and 300 K is demonstrated in Figure 6-
7(a). Note, that only the adsorption of sorbates in the interstices is observed as the grooves are too 
narrow to accommodate the sorbates when the intertube distance is fixed at 0.5 nm. On the other 
hand, over the entire pressure range investigated, the adsorption of H2O vapor is negligible both in 
the isolated (7, 7) CNT and (7, 7) CNT bundle, at 300 K, showing insignificant influence on the 
adsorptive separation of CO2 from flue gas.  
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Figure 6-6. Pressure variation of the CO2-host and N2-host interaction energies, in the isolated (7, 7) 
CNT and the (7, 7) CNT bundle with the intertube distance being 0.5 nm, at 300 K, from GCMC 
simulations. The mole ratio of CO2/N2 is 20/80 in the gas phase for the mixture. The adsorbate-host 
interaction energies are ensemble averaged over the adsorbate-internal carbon wall and the 
adsorbate-external carbon wall in the CNT bundle.  
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(a) nm (b) nm
  
Figure 6-7. Snapshots of configurations of adsorbed CO2 and N2 in the (7, 7) CNT bundles (a) with 
the intertube distance being 0.5  nm at 1.0 bar, 300 K and (b) with the intertube distance being 
0.335  nm at 15 bar, 300 K. 
Since the adsorption of CO2 is preferred over the adsorption of N2 in the CNTs, due to its stronger 
interaction with the carbon wall and more favorable geometric configuration for occupying the 
adsorption space with respect to the N2, the adsorption of CO2 increases noticeably with the total 
pressure while taking over most of the available adsorption space. On the other hand, the adsorption 
of N2 increases only slightly with pressure and approaches saturation quickly in the isolated (7, 7) 
within the pressure range studied, at 300 K, because N2 is less competitive to occupy the adsorption 
space owing to its larger effective diameter and weaker interplay with the carbon wall. 
Subsequently, the selectivity of CO2/N2 increases monotonically in the isolated (7, 7) CNT. 
However, it is interesting to note that the selectivity of the (7, 7) CNT bundle for CO2 at intertube 
distance, 0.5  nm for CO2 deceases dramatically with pressure at first place and then increases 
slightly with pressure. At rather low pressure, 0.1 bar, the adsorption of CO2 and N2 only occurs 
inside the CNT, in which the adsorbates CO2 and N2 experience much stronger adsorbate-carbon 
wall interactions with respect to those in the interstices. Subsequently, the selectivity of CO2/N2 in 
the CNT bundle is even greater than that in the isolated (7, 7) CNT at 0.1 bar and 300 K, as a result 
of enhanced adsorbate-internal carbon wall interactions, evident from Figure 6-6. However, as the 
total pressure is further increased, CO2 and N2 start to adsorb onto the external surfaces of the CNTs, 
and which subsequently reduces the selective adsorption of CO2 over N2 inside the CNT, as the 
adsorbate-external carbon wall interactions are much weaker than the counterparts inside the CNT. 
As a consequence, as the total pressure increases, the adsorption of CO2 becomes less dominant 
when the total pressure is below 2.5 bar, so that the selectivity of CO2/N2 decreases dramatically 
with pressure in this stage. Afterwards, when the available adsorption volume including the internal 
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space inside the CNT and the space limited by the neighbouring CNTs is largely occupied by the 
CO2 and N2 at high pressures, further increasing the pressure will again prompt the adsorption of 
CO2 over N2, due to the geometrically favorable configuration of CO2 for taking over the smaller 
accessible adsorption space with respect to the N2. Therefore, the selectivity of CO2/N2 observed in 
our simulations increases slightly with pressure at pressures higher than 2.5 bar at 300 K in the (7, 7) 
CNT bundle with 0.5  nm. Although, the CO2/N2 selectivity of the (7, 7) CNT bundle with 
0.5  nm is generally smaller than that of the isolated (7, 7) CNT, it actually provides a better 
performance in separating CO2 from flue gas at the atmospheric pressure and room temperature. 
Particularly while the enhancement in the adsorption of CO2 in the (7, 7) CNT bundle with 0.5 
nm is 75%, in comparison to the isolated (7, 7) CNT, the reduction in the CO2/N2 selectivity is only 
14.9%, at 1.0 bar and 300 K. Nevertheless, our simulations also reveal that for the (7, 7) CNT, the 
internal space inside the CNT is a more favorable adsorption space rather than intertube space 
existing in the (7, 7) CNT bundle with intertube distance 0.5  nm. 
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Figure 6-8. Variations of the amounts of adsorbed (a) CO2 and (b) N2 and (c) the CO2/N2 selectivity 
versus the intertube distance of the (7, 7) CNT bundles, at 0.1, 1.0, 5.0 and 15 bar and 300 K. The 
mole ratio of CO2/N2 is 20/80 in the gas phase for the mixture.  
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It is noticed that the gravimetric adsorption of CO2 in the hexagonal (7, 7) CNT array is enhanced 
with respect to that in the isolated (7, 7) CNT, attributed to the additional adsorption volume in the 
interstices and the enhanced interactions of CO2-internal carbon wall. However, reduction in the 
CO2/N2 selectivity is observed in the (7, 7) CNT bundle with 0.5  nm, as a consequence of the 
reduced adsorbate-external carbon wall interactions in the interstices. In this regard, it is intriguing 
to understand the effect of intertube distance on the adsorption of CO2 and the CO2/N2 selectivity in 
CNT bundles, with the aim of determining the optimized intertube distance for the separation of 
CO2 from flue gas. The adsorption isotherms of CO2 and N2 in the (7, 7) CNT bundles with the 
intertube distances ranging from 0.335 to 1.5 nm at the typical pressures, 0.1, 1.0, 5.0, and 15 bar 
are depicted in Figure 6-8. Apparently, the adsorption of CO2 in all the CNT bundles is enhanced 
with respect to the isolated (7, 7) CNT. However, while the enhanced adsorption of N2 is generally 
observed in the CNT bundles, the adsorption of N2 in the bundle with 0.335  nm is actually 
reduced in comparison to the isolated (7, 7) CNT at the typical pressures demonstrated, 300 K. The 
interstices (there are no grooves for the bundle with 0.335  nm) existing in the (7, 7) CNT 
bundle with 0.335  nm are too small to accommodate CO2 and N2, while the adsorbate-host 
interaction energies are significantly enhanced inside the CNT for this CNT bundle, as 
demonstrated in Figure 6-7 (b) and Figure 6-9. In Figure 6-7(b), a GCMC simulation configuration 
of CO2 and N2 adsorbed in the CNT bundle with 0.335  nm at 15 bar and 300 K is illustrated. 
Consequently, the adsorption of CO2 in the CNT bundles with 0.335  nm is further selectively 
enhanced over the N2, leaving reduced accessible adsorption volume for N2 in this case. Initially, 
the adsorption volume issue does not cause reduction in the adsorption of N2, and the observed 
amounts of N2 adsorbed in the (7, 7) CNT and CNT bundle are 0.04 and 0.0551 mol/kg respectively 
at 0.1 bar and 300 K. However, as the pressure is further increased, the reduced adsorption volume 
for the N2 reduces the adsorption of N2 noticeably in the CNT bundle with 0.335  nm, compared 
to the isolated (7, 7) CNT.  
Note, that the intertube distance, , at which the adsorption of CO2 achieves the maximum among 
all the  CNT bundles investigated shifts from  =0.5 to 0.75 nm when the total pressure is increased 
from 0.1 to 15 bar. When the total pressure is below 5.0 bar, maximum adsorption of CO2 is 
observed in the bundle with  =0.5 nm, in which the adsorbate-host interaction energies are strong 
while there is enough adsorption space to exclude the steric effect that limits the further adsorption 
of CO2. As the total pressure goes beyond 5.0 bar, the accessible adsorption volume remaining is 
rather limited in the bundle with  =0.5 nm compared to that in the bundle with  =0.75 nm. 
Therefore, the adsorption of CO2 gains its maximum in the (7, 7) CNT bundle with  =0.75 nm 
when the loading is high. On the other hand, the adsorption of N2 achieves its maximum in the 
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bundles with  =0.75 nm and 1.0  nm respectively, at low and high pressures. In the bundle with 
 =0.5 nm, the CO2/N2 selectivity is high compared to bundle with  =0.75 nm, demonstrated in 
Figure 6-8(c), which hence limits the adsorption of N2 in the bundle with  =0.5 nm. Since the 
adsorbate-host interactions have been reduced in the bundle  =0.75 nm compared to the case with 
 =0. 5 nm, the adsorption of N2 is eventually enhanced as the adsorption of CO2 is less dominant 
in this bundle with larger adsorption space but weaker selectivity for CO2. Subsequently, the 
adsorption of N2 achieves its optimum when the intertube distance is 0.75 nm, at the low pressure. 
However, as the steric effect becomes more significant at high loadings, the further adsorption of N2 
becomes less favorable in the bundle with  =0.75 nm. So, the adsorption of N2 achieves its 
maximum when the intertube distance increases to 1.0 nm in the cases of high loadings, where the 
steric effect suggests that the further adsorption of N2 is weaker with respect to the cases having 
smaller intertube distances.  
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Figure 6-9. Pressure variation of (a) the CO2-host and (b) the N2-host interaction energies, in the 
isolated (7, 7) CNT and (7, 7) CNT bundles at 300 K, from GCMC simulations. The mole ratio of 
CO2/N2 is 20/80 in the gas phase for the mixture. The adsorbate-host interaction energies are 
ensemble averaged over the adsorbate-internal carbon wall and the adsorbate-external carbon wall 
in the CNT bundles. 
Eventually, as is demonstrated in Figure 6-8(c), the CO2/N2 selectivity achieves its maximum in the 
bundle with  =0.335 nm for all the pressures investigated, which is also significantly superior with 
respect to the isolated (7, 7) CNT. As depicted in Figure 6-7(b), the adsorption of CO2 and N2 only 
occurs inside the CNT, in which the adsorbate-host interactions are significantly enhanced by the 
neighbouring CNTs compared with the isolated CNT. As a consequence, the selectivity of CO2 over 
N2 is hence enhanced in comparison to all the other bundles studied and the isolated (7, 7) CNT. 
However, as the maximum selectivity of CO2 is obtained when the intertube distance is equal to 
0.335 nm, maximum adsorption of CO2 is generally observed in the bundles with  =0.5 or 
=0.75 nm, hence a comprehensive factor that both involves the contributions from the adsorption of 
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CO2 and the CO2/N2 selectivity is required to measure the performance of the bundles with different 
intertube distances in the separation of CO2 from flue gas. Following, 
  1 2* *
bundle bundle
cnt cnt
M S
M S
                                                             (6-2) 
In eqn. (6-2), bundleM and cntM  denote the gravimetric absolute adsorption of CO2 in the CNT bundle 
and the isolated CNT respectively, which are in the unit of mol/kg in this study, bundleS and cntS  are 
equilibrium selectivities of CO2/N2, and 1 and 2 are weight factors, both equal to 0.5 assigned in 
this study. We employ the weight coefficient  to evaluate the performance of CNT bundles 
relative to the isolated CNT. As depicted in Figure 6-10, at 0.1, 1.0 and 5.0 bar, the (7, 7) CNT 
bundle with the intertube distance 0.335 nm achieves the best performance in separating CO2 from 
the CO2/N2/H2O mixture saturated with water, and at 15 bar the bundle with the intertube distance 
0.75 nm achieves the highest score regarding the same practice. Considering that practical 
separation procedures are generally conducted at atmospheric pressure and room temperature, it is 
concluded that the hexagonal array of (7, 7) single-walled CNT with the intertube distance of 0.335 
nm gives the best performance on CO2 separation from flue gas, among the CNT bundles 
investigated in this work, at 300 K.    
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Figure 6-10. Variation of the weight coefficient versus the intertube distance of the CNT bundles, 
at 0.1, 1.0, 5.0 and 15 bar, at 300 K. 
6.4. Conclusions  
In this chapter, we have presented a detailed study of the adsorption of CO2/N2/H2O mixture 
saturated with water in CNTs, CNT bundles and a conventional activated carbon, SiC-DC, with the 
pressure up to 15 bar and at 300 K. Due to the hydrophobic nature of carbons, saturated water vapor 
has negligible adsorption in all the carbons investigated, which suggests that hydrophobic carbons 
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have an intrinsic advantage for CO2 separation from flue gas. However, both the adsorption of CO2 
and the CO2/N2 selectivity depend on CNT diameter, and it is practical and critical to determine the 
optimized diameter of the CNTs for CO2 separation. Our simulations revealed that, the isolated (7, 7) 
CNT having a diameter of 0.95 nm was found to possess the optimum diameter for obtaining the 
maxima of the adsorption of CO2 and the CO2/N2 selectivity at the same time, at 1.0 bar and 300 K. 
Further, the intertube distance for the hexagonally packing (7, 7) CNT arrays also influences the 
adsorption of CO2 and the CO2/N2 selectivity in the bundles. Unlike the isolated (7, 7) CNT, in 
which maxima of the adsorption of CO2 and the CO2/N2 selectivity can be achieved in the same 
CNT, the maxima are generally achieved in the bundles with different intertube distances. In this 
regard, a weight coefficient considering the contributions from the aspects of the amount of CO2 
adsorbed and the selectivity for CO2 over N2 is proposed and employed to measure the 
performances of different bundles regarding CO2 separation from flue gas, relative to the isolated 
CNT. If we treat the amount of CO2 adsorbed and the selectivity for CO2 over N2 to be equally 
important, the bundle with intertube distance of 0.335 nm demonstrates the optimized balance 
between the adsorption and selectivity for CO2.  
From chapter 3 to chapter 6, we have demonstrated that CO2 is preferentially adsorbed by the CNTs 
over methane and nitrogen, demonstrating the great potential of CNTs in adsorptive separation of 
CO2 from flue gas and natural gas. As CO2 is generally strongly adsorbed in the CNTs, recovery of 
CO2 from the CNTs becomes an important aspect that affects the performance of CNTs in CO2 
separation in realistic applications. Since pressure swing adsorption (PSA) [40, 41] and temperature 
swing adsorption (TSA) [42] processes are commonly used to separate and recover the target 
species, we explored and demonstrated the recovery of CO2 from CNTs using PSA and TSA 
processes based on GCMC simulations. Initially, the adsorption of pure CO2 in CNTs with the 
diameters ranging from 0.81 to 2.03 nm, at the fugacity of 1.0 bar and the temperature of 300 K, 
was calculated through GCMC simulations. For the PSA processes, we dropped the fugacity from 
1.0 to 0.5 and 0.1 bar while keeping the temperature fixed at 300 K, and for the TSA process the 
temperature was increased from 300 K to 350 and 375 K while the fugacity being fixed at 1.0 bar. 
The recovery of CO2 was calculated relative to the adsorption of CO2 at 1.0 bar and 300 K for both 
the PSA and TSA processes, following: 
recovery of CO2 100%
initial desorb
initial
 


                                            (6-3) 
where initial represents the amount of CO2 adsorbed at 1.0 bar and 300 K , and desorb denotes the 
adsorbed amount of CO2 at the desorption pressure and 300 K, or at 1.0 bar with increased 
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temperature. It is seen in Figure 6-11 (a), for the CNT diameters larger than 1.30 nm, the recoveries 
of CO2 are almost independent of the diameter of the CNTs and around 50% and 90% for the 
vacuum pressures of 0.5 and 0.1 bar respectively. However, for small CNTs imposing strong 
adsorbate-CNT interactions, the percentage of CO2 recovered decreases almost linearly with 
decrease in the CNT diameter as a consequence of enhanced adsorbate-host interactions. 
Particularly for the (7, 7) CNT showing the strongest adsorption for CO2 at atmospheric pressure 
and ambient temperature among the CNTs investigated, the recovery of CO2 is 36.46% for the 
vacuum pressure of 0.1 bar. While the recovery of CO2 in TSA processes demonstrates a similar 
decreasing trend with decrease in the CNT diameter in small CNTs, a peak value for the recovering 
of CO2 is observed at the diameter of 1.356 nm among all CNTs considered, depicted in Figure 6-
11(b). When the temperature is increased from 300 to 375 K, the recovery of CO2 is within the 
range of 75% to 82% for the diameters larger than 1.2 nm, and the recovery of CO2 for the (7, 7) 
CNT is 42%. Although the recovery of CO2 from the (7, 7) CNT is not ideal based on the sole PSA 
or TSA process, a combination of the PSA and TSA techniques is expected to enhance the recovery 
of CO2 from small CNTs dramatically [43]. Nevertheless, the recovery of CO2 from CNTs using 
PSA or TSA technique is in general comparable to that in widely used Zeolite 13 X [41, 42]. 
 
Figure 6-11. Recovery of CO2 relative to the adsorption of pure CO2 at 1.0 bar and 300 K in 
different sizes of carbon nanotubes based on (a) the pressure swing adsorption and (b) temperature 
swing adsorption processes.    
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7 Interfacial Resistance and Length-Dependent Transport Diffusivities of CH4 in 
CNTs 
Apart from the adsorption, the diffusion of target sorbates in carbon nanotubes (CNTs) having 
interfacial barriers is important to the performance of CNT based membranes in gas separation. In 
this connection, the transport diffusion of methane in the presence of interfacial barriers located at 
the entrance and exit of the carbon nanotube, in a series of short finite (10, 10) CNTs (having a 
diameter of 1.36 nm) with lengths ranging from 10 to 100 nm, is investigated in this chapter via a 
novel equilibrium molecular dynamics simulation (EMD) method, at 300 K. The transport 
diffusivities of methane in the finite short CNTs calculated using our EMD method are validated by 
gravity-driven non-equilibrium molecular dynamics (NEMD) simulations. Due to the dominant 
interfacial resistance that collectively accounts for the entrance and exit interfacial barriers, the 
transport diffusivities of methane in short finite CNTs are generally 2~3 orders of magnitude lower 
than those in the infinitely long CNT, and demonstrate significant dependency on the length of the 
finite CNTs. In addition, the quantitative estimation of the interfacial resistance, and the evaluation 
of its relative importance to the overall resistance including the interfacial and the intracrystalline 
resistances, was also accomplished in this work through our EMD method. It is found that while the 
interfacial resistance completely dominates the whole diffusion process of methane in the finite 
CNTs, the ratio of the interfacial resistance to the overall resistance decreases with the length of the 
finite CNTs. Nevertheless, the interfacial resistance was also found to be dependent on the length of 
the finite CNT as a consequence of the correlation of the motion of methane near the interfaces with 
that deep inside the CNT, showing the fact that the interfacial region is not limited to narrow ranges 
at the entrance and exit. It is seen to extend to distances more than 50 nm inside the CNT, observed 
in our simulations. However, high net flux in NEMD simulations will increase the heat to 
release/supply at the entrance/exit region, in accord with the exothermic/endothermic nature of the 
adsorption/desorption process occurring at the interface. In this regard, a temperature gradient is 
subsequently generated and observed inside the CNT, which in turn facilitates the diffusion of 
methane in the finite CNTs. This is an intrinsic drawback of NEMD simulations, leading to 
unreasonably large transport diffusivities for methane in finite CNTs, in comparison to our EMD 
results. The generalized EMD method proposed in this work is readily applied for any nanoporous 
materials regarding the quantitative estimation of the interfacial resistance.  
7.1. Introduction 
A primary advantage of CNTs as the membrane material is that high flux that can be obtained for 
light gases and water, thanks to the smooth nature of the carbon walls [1-9]. Initially, fast transport 
diffusion of fluid was observed in infinitely long CNTs in simulations with periodic boundary 
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condition being applied in the flow direction [5] and micrometers long CNTs in experimental work 
[10]. In such cases, internal diffusion in the CNT, i.e. the intracrystalline diffusion has dominated 
the transport, and the flow resistance either has negligible impact on the overall transport process in 
experiments, or is completely neglected in simulations. Nevertheless, recent progress in membrane 
synthesis paves the way for ultrathin films having thickness of nanometer scale [11-13]. As a 
consequence of the dramatically reduced intracrystalline transport resistance at such small thickness, 
the pressure difference that is required to drive the fluid through the membrane at a given rate is 
reduced, leading to energetic and economic benefits. When down to this thickness scale, the issue of 
interfacial barriers, i.e. the transport resistance at the boundary between the intracrystalline channel 
and the bulk gas phase, arises because these barriers may be completely dominant over the 
intracrystalline transport resistance for ultrathin CNT membranes [14]. As a result, the quantitative 
estimation of the interfacial barriers at the boundaries is a key issue in understanding the transport 
diffusion of gas molecules in short CNTs.  
As an indication of the significant impact of interfacial barriers on the permeation of fluid in 
zeolites, the diffusion coefficients obtained from macroscopic methods, such as uptake and release 
measurements, the zero-length column (ZLC) method and the frequency response (FR) techniques, 
frequently differ from those obtained using microscopic methods, such as pulsed-filed gradient 
NMR (PFG-NMR), and quasi-elastic neutron scattering (QENS) [15, 16]. Although this 
discrepancy is generally considered as a result of the interfacial barriers for the zeolites, there is no 
convenient method to clearly unveil the role of the interfacial barriers that solely originate from the 
boundary regions. In experiments, the samples always contain vacancies, dopant and topological 
defects in CNTs [17], so that the synthesis flaws influence measured diffusion properties. The 
synthesis flaws existing inside the CNT change the force field experienced by the guest molecules, 
leading to an extra internal resistance for the diffusion. Intrinsically, this extra resistance could also 
be treated as a type of “interfacial resistance” as the gas molecules experience similar potential 
energy change and geometric change in the solid structure, as those for passing through the 
boundary region. Consequently, no matter what experimental method is used, it seems to be 
difficulty to isolate and determine the impact of the pristine boundary interfacial barriers on 
transport diffusion through the CNT membranes. Besides, current microscopic methods are 
generally applied at a scale too large to explicitly characterize the nature of the interfacial barriers at 
the boundaries [18, 19], or are subjected to very low loadings of adsorbate for the measurements of 
self-diffusion [20].  
Regarding this practice, molecular simulations possess the intrinsic advantages of investigating the 
hydrodynamic behaviour of molecules in the nanospace, and characterizing the ideal molecular 
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structures of the nanoporous materials. Initially, the exit barrier for methane in AIPO4-5 type 
zeolite was found to be a decreasing function of temperature by Arya et al. [21] in their dual-control 
volume grand canonical molecular dynamics (DCV-GCMD) simulations work. The exit barrier was 
also found to increase with adsorbate loading when the loading is low, and tending to vanish at high 
loadings as a result of the local clustering of adsorbate molecules. Using the same technique, 
Ahunbay et al. [22, 23] revealed the significant contribution from the interfacial barriers including 
the barriers located at the entrance and exit boundaries to the overall transport of methane through a 
silicalite membrane having thickness up to 64 nm, at room temperature. Intriguingly, they reported 
that adsorption and desorption resistances (entrance and exit barriers) showed asymptotically 
increasing trend with the thickness of the membrane, which implies that the interfacial zones are 
much larger than one intuitively expected. However, they attributed the thickness dependency of the 
interfacial barriers to the coupling effect between the entrance and exit boundaries. Indeed, the 
fundamental explanation given in present work will be more conniving based on the correlation of 
the diffusion of molecules located at the boundaries with that inside the CNT. Although the DCV-
GCMD method is widely used to deal with the interfacial barriers in zeolites, it has to compromise 
with the accuracy of the calculation and the size of the simulation system due to the high 
computational expense and the stochastic issue of deciding the ratio of grand canonical Monte Carlo 
(GCMC) moves to the molecular dynamics (MD) integrations. Besides that, the streaming velocity 
that is required to be added on the newly inserted molecules in GCMC operations to maintain the 
steady flux during the DCV-GCMD simulations potentially introduces statistic errors in the final 
results [15, 21, 24]. While encountering these technique issues, Ahunbay et al. [22] suggested 
inequalitiy of the entrance and exit barrier for symetric zeolite crystals. Besides the DCV-GCMD 
method, the tracer exchange method was adopted in Zimmerman et al.’s work [25] to characterize 
the denpendency of the interfacial resistance to the local structure of the adorbent. However, as 
indicated by the authors, this method is limited to rather low loadings in the content of self-
diffusion. Newsome and Sholl [14, 26] proposed an EMD simulation method to qualitatively 
measure the relative importance of the interfacial barriers to the intracrystalline resistance for 
methane in zeolites and carbon nanotubes. Howerver, while this method provides qualitivative 
evaluation of the interfacial resistance, the results are generally much lower than those obtained 
from DCV-GCMD simulations. To sum up, there is a need for a generalized molecular simulation 
method that can quantitatively measure the interfacial barriers and determine the size-dependent 
transport diffusivity of sorbate in nanoporous materials without carrying any approximations and 
compromising the accuracy of the cacluations. This gap will hence be fulfilled by our novel EMD 
method proposed in this work.  
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EMD simulations have been widely used to determine the diffusivities of fluids confined in nano 
materials via analysing the mean square displacement of the center of mass (COM-MSD) of 
sorbates or the velocity auto correlation functions of the center of mass (COM-VACF) of adsorbates, 
such as metal organic frames (MOFs) [27, 28], zeolites [26, 29, 30], activated carbons including the 
amorphous carbons [31, 32] and well-shaped carbon nanotubes [7, 9, 33]. However, in those 
simulations the interfacial barriers are overlooked while applying periodic boundary conditions, 
expanding the seamlessly connected unit cells to infinite size, particularly in the flow direction. 
Nevertheless, in the presence of interfacial boundaries, the conventional EMD methods based on 
the analysis of the COM-MSD or COM-VACF will lose their capabilities in determining the 
diffusivities of sorbates in the unit cells, as in such case the motion of molecules inside the unit cell 
is essentially different from that near the interface. The conventional EMD methods then cannot 
estimate the resistances separately for these two regions. In present work, a novel EMD method is 
specifically proposed to calculate the transport diffusivities of sorbate in the unit cell (CNTs in this 
work) connecting two bulk reservoirs at the entrance and exit of the unit cell, providing a 
generalized method to explicitly and accurately evaluate the transport diffusivity of sorbate in the 
unit cell and the interfacial barriers at the boundaries. The validity and feasibility of this EMD 
method is further confirmed by a direct NEMD method, gravity-driven method [34, 35], which has 
been proved to be an efficient method to characterize the hydrodynamic properties of fluid in the 
CNTs. 
7.2. Simulation Models and Methods  
7.2.1. Simulation Details 
Our simulation system, as seen in Figure 7-1 (a), is divided into three parts, two bulk reservoirs and 
a CNT located at the central line of the simulation box connecting these two bulk reservoirs. The 
graphite flanges are adopted to block the molecules moving outside the CNT, which are in the same 
sectional area with the bulk regions and located exactly at the edges of the CNT. Both of the carbon 
nanotube and flanges are treated as rigid. In this study we concentrated our EMD simulations on 
single site methane [36] diffusion in (10, 10) CNTs (having a diameter of 1.356 nm) with lengths 
ranging from 10 to 100 nm at 300 K with the pressure up to 15 bar, as well as conducted a series of 
gravity-driven NEMD simulations to verify our EMD results. The dimension of the bulk regions are 
fixed at 4 4 10W H L      nm3 throughout all the simulations. Periodic boundary conditions are 
applied in three dimensions both for the EMD and NEMD simulations, as the bulk reservoirs are 
large enough to include the interfaces located at the entrance and exit of the carbon nanotube while 
eliminating interaction between these two interfaces. As depicted in Figure 7-1 (b) the potential 
energy gradient completely disappears 1.5 nm away from the entrance of the CNT in the bulk 
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region and about 1.0 nm away inside the CNT. Throughout this work, this 2.5 nm region will be 
referred as the typical interface, which exists symmetrically at the exit interface. In addition, we 
also conducted the EMD and NEMD simulations in a 50 nm long (10, 10) CNT without connecting 
to the reservoirs and flanges, and with the periodic boundary condition being applied in the axial 
direction, reproducing an infinitely long CNT without interfacial barriers. The transport diffusion 
behaviours of methane in the infinitely long CNT in the absence of interfacial barriers can be 
readily determined from either the EMD or NEMD simulations, as will be demonstrated in present 
work, and well established in the literature [5, 22].  
(a)  position (nm)
6 7 8 9 10 11 12 13 14
p
o
te
n
ti
a
l 
e
n
e
rg
y
 (
k
J
/m
o
l)
-16
-14
-12
-10
-8
-6
-4
-2
0 (b)
 
Figure 7-1. (a) Schematic of the simulation system and (b) the potential energy distribution of 
methane at the entrance interface, determined from the GCMC simulations in a 10 nm finite (10, 10) 
CNT at the zero loading.  
In this study, all the EMD and NEMD simulations were conducted using the Lammps package [37] 
with the initial equilibrated configurations obtained from GCMC simulations implemented at the 
target fugacity and temperature. Adsorbate-adsorbate and adsorbate-adsorbent interactions are 
modelled with the 12-6 Lennard-Jones (L-J) pairwise potentials. The L-J parameters for the carbon 
atoms are 28.0s Bk   K, 0.34s  nm [38] and the counterparts for the single site methane are 
148.1f Bk   K and 0.381f   nm [36]. The adsorbate-adsorbent interactions are adjusted 
according to the Lorentz–Berthelot rules [39]. A small time step, 1 fs was chosen both for the EMD 
and NEMD simulations. For EMD simulations, a damping coefficient of 100 steps was adopted for 
Nose-Hoover thermostat to adjust the temperature of methane at 300 K. However, the individual 
mean streaming velocities of the fluid in the reservoirs and inside the CNT were deducted to 
maintain the thermal temperature of fluid at 300 K in NEMD simulations, using the same 
thermostat and damping coefficient. In order to observe steady flow through the carbon nanotubes, 
150 ns of NEMD simulations were conducted for each system, with the first 50 ns being rejected for 
driving the system into the steady state. In addition, to demonstrate our NEMD simulations were 
implemented within the linear response region, different magnitudes of the external force were 
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considered. It was hence observed the net fluxes obtained for different lengths of carbon nanotubes 
increased essentially linearly with the external force within the external force range investigated. 
Due to the smooth texture of the carbon wall, the complete de-correlation of the motion of the 
center of mass of fluid in the carbon nanotube is difficulty to determine based on a single EMD 
trajectory, as it requires a large number of windows of configurations to obtain statistically 
satisfactory results [5, 40]. Subsequently, 20 independent runs with different initial equilibrated 
configurations were conducted for each specific fugacity, at 300 K, and the averaged COM-MSD of 
fluid was adopted to determine the corresponding transport diffusivity. In order to guarantee the 
COM-MSD is in the linear region, each single EMD run was conducted for 150 ns, with the first 50 
ns used for the equilibration. Moreover, the logarithmic scale of the variation of COM-MSD versus 
statistic time was plotted, to confirm the slope k ,  2 22 1 2 1log ( ) log ( ) log logcom comk r t r t t t       is within 
the range of 0.9~1.1 when we calculate the corrected diffusivities. Here, 2 ( )comr t is the unwrapped 
mean square displacement of the center of mass. 
7.2.2. EMD Method 
Conventionally, we can extract the corrected diffusivity of fluid for the entire simulated system, 
,o sysD , from the long time limit of the COM-MSD of fluid via the Einstein relation [41, 42]:  
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where
sysN  is the total number of fluid molecules in the system, d  is the dimensionality considered, 
which is 1 in this case, as only the diffusion in the flow direction is considered, 
,
1 sys
N
sys com i
isys
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N
  is 
the unwrapped center of mass of the sorbate, and 
,sys comr denotes the change of the center of mass 
(COM) of the sorbate for the time interval investigated. Further, in the case where there is a 
fugacity difference (chemical potential difference) between the two bulk reservoirs, the net flux j
through the system and the corresponding flux CNTj through the carbon nanotube can be obtained as:  
2
1
,( ) ( )1
f
sys sys sys o sys
CNT sys
CNT CNT sys f
A A f D f
j j df
A A L f

                                   (7-2) 
159 
 
here, CNTA , sysA are the cross-sectional areas of  the CNT and the system, and 1f , 2f are the 
fugacities for the left and right bulk reservoirs respectively, with 1 2f f . sys  is the effective 
fluid density, given by sys boxN V with boxV being the volume of the simulation box, and ,o sysD  is the 
nominal corrected diffusivity of the system, both being a function of the fugacity that the fluid 
equilibrates with. Presumably, for a specific carbon nanotube investigated, the size of the simulation 
system,
sysL , will increase as the size of the simulated bulk regions, 1bulkL  and 2bulkL increase. As the 
fugacity in each bulk reservoir individually remains constant, the integration limits in eqn. (7-2) will 
not change when the size of the bulk reservoirs change. Further, we have the relation that  
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where, 1bN , 2bN , CNTN  denote the ensemble averaged number of molecules in the left and right 
bulk reservoirs, and the number of molecules in the CNT, respectively. In this model, the two bulk 
reservoirs are symmetric, we therefore further simplify equation (7-3a) into (7-3b), in which 
1 22 2b b bN N N  ， ,b comr , ,b CNTr represent the displacements of the COM of the fluid in the bulk 
regions and in the CNT for the time interval investigated. It is evident from eqn. (7-1b) that when 
sysL approaches infinitely, ,o sysD will attain a constant value, as CNT sysN N  reduces to zero and 
,CNT comr  remains constant in the linear diffusion region. Consequently, the net flux through the 
carbon nanotube calculated from eqn. (7-2) will be dependent on the size of the bulk reservoirs we 
choose, which is physically unjustified and the integration along the bulk regions lacks physical 
meaning.  
To calculate the flux through the CNT correctly, the corrected diffusivity for the fluid inside the 
CNT should be accurately evaluated. In this connection, eqn. (7-1a) is recast into:  
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In eqn. (7-4), ,
eff
o sysD is the effective diffusivity for the whole system, which is independent on the 
size of bulk reservoirs as long as they are large enough to include the interfaces and exclude the 
interaction between them. However, the COM-MSD of molecules inside the CNT cannot be traced 
directly from EMD simulations, as the identities of molecules in the CNT change constantly when 
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molecules flow through the CNT. Nevertheless, the COM-MSD of the fluid for the whole system is 
available to extract the ensemble averaged COM-MSD of fluid inside the CNT, considering that in 
each time element, when the COM of the molecules inside the CNT moves by 
,CNT comr , the COM 
of molecules in the bulk regions will move correspondingly to maintain the equilibrated  density 
distribution of fluid in the simulation box. As an ensemble averaged result, this relation can be 
simply expressed as the mass conservation law and written as  
, , , ,( ) (0) ( ) (0)b com b com bulk sys CNT com CNT com CNT CNTr t r A r t r A                          (7-5) 
where CNT is the ensemble averaged number density inside the CNT determined following 
CNT CNTN V , with CNTV being the nominal volume of the CNT. Combining equations (7-3b), (7-4) 
and (7-5), the effective diffusivity ,
eff
o sysD can be readily calculated as： 
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               (7-6) 
Subsequently, the flux through the carbon nanotube can be obtained as:  
2
1
,( ) ( )1
f eff
CNT o sys
CNT
CNT f
f D f
j df
L f

                                              (7-7) 
The integration is therefore only conducted over the CNT, such that the chemical potential 
difference acts only over the CNT. In practice, when a potential difference between the two bulk 
reservoirs is applied, the chemical potential gradient (fugacity gradient) starts and ends at the 
interfaces outside the CNT, as the potential energy gradients at the interfaces enhance the entropy 
production when the driven fluid flow experiences a steep phase change at the entrance and exit 
interfaces, introducing the thermal resistance at the interfaces [43]. It should be pointed out that the 
extra thermal resistance at the interfaces has essentially been correlated into equation (7-6). As the 
COM-MSD of molecules in the CNT is extracted from the COM-MSD of the whole system, it has 
effectively assumed the fluid flow outside the CNT matches the flow inside the CNT when using 
equations (7-5) and (7-6), and the driving force exists essentially over the CNT. Since the whole 
transport process has been assumed to occur inside the CNT, there is no transport resistance at all in 
the bulk regions outside the CNT. Subsequently, eqn. (7-6) determines an effective corrected 
diffusivity in the CNT accounting for the overall resistance including the interfacial and 
intracrystalline resistances. This statement will be further supported and confirmed subsequently.  
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For a very small chemical potential difference,
1 2 1 2
1
~ ( )
2
f f f f f   , and equation (7-7) can be 
accordingly written as  
,
1 2
( ) ( )
( )
eff
CNT o sys
CNT
CNT
f D f
j f f
L f

                                           (7-8) 
The total resistance at the fugacity f, including the interfacial resistance due to the entrance and exit 
interfacial barriers and the intracrystalline resistance, can be correspondingly defined as 
                                                                         
,
( )
( ) ( )
CNT
tot eff
CNT o sys
L f
R f
f D f
                                                                       (7-9) 
Further, the interfacial resistance,
int ( )erfR f , can be extract from equation (7-9) following,  
int
, ,int
( )
( ) ( ) ( ) ( )
CNT CNT
erf eff
CNT o sys CNT o ra
L f L f
R f
f D f f D f 
                          (7-10) 
where 
,into raD  is the diffusivity of fluid molecules in an infinitely long CNT at the same fugacity 
and temperature, which can be determined separately by running EMD simulations in a single 
carbon nanotube without the bulk reservoirs, using periodic boundary conditions.   
7.2.3. Gravity-Driven Method 
For the purpose of characterizing the hydrodynamic behaviours of fluid in nanospaces [34, 44, 45], 
a gravity-like external force is generally imposed directly on each fluid molecule to drive the fluid 
flowing through the nanochannel, mimicking a realistic pressure gradient. Although in previous 
studies, the magnitude of the external force was empirically set to achieve a certain streaming 
velocity in the nanochannels [34, 41, 44, 45], the external force in the present work was set 
according to the initial configuration and a pre-determined chemical potential gradient, following 
ln 1
ex B B
CNT CNT
d f f
k T k T
dz L f L
  
                                               (7-11)  
where Bk is the Boltzmann constant and T is the temperature of the system. Therefore, as shown in 
Figure 7-1 (a), the initial configuration is obtained from the GCMC simulation at a fugacity of f
which is the average value between the fugacities in the left and right reservoirs, being equal to 
1 2
1
( )
2
f f , with 1 2f f f   , and 1 2ln ln lnf f f   . When the length of the CNT and the 
chemical potential difference is determined, the corresponding external force applied on each 
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molecule can be determined from equation (7-11). Nevertheless, in accord with our EMD method, 
the chemical potential gradient is assumed to be present inside the carbon nanotube, so this external 
force is applied on the molecules inside the CNT only at each simulation step. When the system 
reaches steady state this external force is balanced by the intracrystalline resistance attributed to the 
collisions of fluid molecules with the carbon wall and the interfacial resistance, so that both the 
intracrystalline and the interfacial resistances are correlated with the steady net flux. One can 
further expect that from the net flux through the CNT the effective corrected diffusivity of the 
whole system can be readily calculated, as long as the diffusion is within the linear response region 
[46], following 
, ( )
( )
eff CNT B
o sys
CNT ex
j k T
D f
f


                                                        (7-12) 
where CNTj is calculated by counting the net number of molecules passing through a specific 
sectional area inside the CNT, ( )CNT f is the density of molecules in the CNT determined from the 
GCMC simulation at the fugacity f , rendering , ( )
eff
o sysD f  a function of the equilibrium fugacity f .  
Note that when the system is within the linear response region , , ( )
eff
o sysD f  should stay constant when 
the external force increases,  and the effective diffusivities determined from different external forces 
in equation (7-12) should match the results of EMD simulations, both of which will be verified in 
our simulations  
7.3. Results and Analysis 
7.3.1. Interfacial Resistance from EMD Simulations 
Figures 7-2(a)/2(b) depict the variation of the corrected/transport diffusivities of methane in the 
infinite and finite carbon nanotubes with fugacity, at 300 K, for fugacity up to 15 bar. Compared to 
that in the infinitely long CNT, methane diffuses surprisingly slower in short finite carbon 
nanotubes, about 2~3 orders of magnitude slower, illustrating the dominant effect of interfacial 
barriers in determining the transport diffusion of methane in CNTs with the lengths ranging from 10 
to 100 nanometers. Although much effort has been devoted into characterizing the interfacial 
barriers in zeolites and carbon nanotubes [14, 21-23, 26], a quantitative demonstration of the large 
gap between the transport diffusivities of adsorbate in nanopores in the absence and presence of 
interfacial barriers is provided for the first time in present work via our EMD method.  
Interestingly, while the corrected diffusivity of methane in the infinite CNT is almost independent 
of the fugacity after 1.5 bar, the diffusivities in the short CNTs having interfacial barriers increase 
163 
 
with fugacity, except for the fugacities lower than 1.5 bar. Since the total interactions between the 
adsorbate and the carbon atoms are much weaker at the interfaces (located in the gas phase and 
inside the CNT, depicted in Figure 7-1(b) compared to the region located inside the carbon 
nanotube, within the fugacity range investigated, increasing the fugacity will increase the ratio of 
molecules located inside the CNT to that at the interfaces. As a result, the interfacial resistance 
plays a less important role in reducing the effective corrected diffusivity, ,
eff
o sysD   at higher pressures, 
and the effective diffusivity, ,
eff
o sysD , subsequently increases with pressure. Further, according to 
equations (7-9) and (7-10), the ratio of the interfacial resistance to the overall resistance can be 
determined by 
,int ,int
1
o sys
eff
erf tot o raR R D D  . As shown in Figure 7-3, the ratio of the interfacial 
resistance to the overall resistance therefore decreases with increase in pressure, which is because 
while the effective corrected diffusivity, 
,o sys
effD , increases with pressure, the intracrystalline corrected 
diffusivity is almost independent of the pressure. Similarly, as depicted in Figure 7-2, the corrected 
diffusivity increases with the length of CNTs, as the motion of molecules inside the CNT plays an 
increasing important role in determining the overall diffusivity in lengthy CNTs, also evident from 
Figure 7-3 that the ratio of the interfacial resistance to the overall resistance decreases with the 
length of the carbon nanotubes. Eventually, it should be pointed out that for the whole length range 
of the CNTs investigated, the interfacial resistance is dominant for pressures less than 15 bar, 
reflected in Figure 7-3. 
  
Figure 7-2. Variation of (a) the corrected and (b) the transport diffusivities of methane determined 
from EMD and NEMD simulations versus fugacity in an infinite (10, 10) CNT, and 10, 30, 50, and 
100 nm finite (10, 10) CNTs, at 300 K. All the error bars are smaller than the size of the symbols. 
However, for low pressures, the corrected diffusivity increases with decreasing pressure for both the 
infinite and finite carbon nanotubes. Figure 7-4 depicts the radial density distributions of methane at 
different fugacities, determined from GCMC simulations in the infinitely long CNT. Compared to 
high pressure, there are much fewer methane molecules adsorbed in the tube, suggesting much 
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weaker fluid-fluid interactions in the CNT at low pressures. Note that the radial density 
distributions in finite CNTs will be nearly identical to those in the infinite CNT [47], as the 
potential energy distributions are almost the same in the CNT interior. It has been demonstrated by 
Bhatia et al. [41] that when a fluid molecule collides with the carbon wall, the interaction of this 
molecule with those adjacent molecules adsorbed on the wall will provide an additional channel for 
energy transfer during the wall-fluid collision, and subsequently leading the carbon wall to appear 
less specular. In support, it was observed that the Maxwell coefficient for methane in (10, 10) CNT 
at 298 K was almost a linearly increasing function of the local density of methane adsorbed at the 
positions having the minimum fluid-wall potential energy [41]. Particularly, at low pressures, 
methane majorly adsorbs at the positions having minimum fluid-wall potential energy, and the 
amount of methane molecules adsorbed increases almost linearly with pressure, in accord with the 
Henry’s law. Therefore, in the infinite CNT, the corrected diffusivity,
,into raD increases with 
decreasing pressure at low pressures as a consequence of the reduced Maxwell coefficient for 
methane diffusing in the CNT. In comparison to the low pressures, there statistically exists a larger 
fraction of molecules diffusing in the central region of the CNT at the high pressure, experiencing 
stronger fluid-fluid interaction but weaker fluid-wall interaction. These molecules exchange 
momentum with those molecules colliding with the wall directly during the diffusion, but do not 
experience the wall friction directly. Therefore, although the Maxwell coefficient for methane 
colliding with the CNT wall increases at high pressure, the higher fraction of molecules in the 
central region essentially overcomes the negative contribution from the increased Maxwell 
coefficient of the smaller fraction of molecules near the wall. As a consequence, the corrected 
diffusivity of methane in the infinite CNT is observed to be nearly independent of the loading of 
sorbate at high pressures.  
On the other hand, the adsorption and desorption heat is low at low loadings [48], so that the 
thermal resistance at the interfaces for the finite short carbon nanotube reduces to a constant [43]. In 
addition, for rather low loadings, fluid molecules are adsorbed onto the flanges. In such case, the 
surface diffusion mechanism by which the adsorbate hops from the flange into the carbon nanotube 
will become more prevalent as compared to direct entry of the molecules into the carbon nanotube. 
So, both the thermal and hydrodynamic resistances decrease with decrease in pressure, and the 
effective diffusivity consequently increases when the pressure decreases, for finite CNTs. While the 
transport diffusivity decreases with increase in pressure at rather low pressures because of the 
reduced Maxwell coefficient, the increase with pressure at high pressures is simply attributed to the 
enhanced contribution from the diffusion inside the CNT to the overall diffusion of fluid through 
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CNT and the increased thermal dynamics factor that 
ln
ln
eff eff
t o
CNT
f
D D




. The thermal dynamic factor 
ln
ln CNT
f



increases significantly with fugacity for methane in carbon nanotubes at high pressures, 
observed in present and our previous simulations [49]. 
 
Figure 7-3. Variation of the ratio of the interfacial resistance to the overall resistance versus 
fugacity in different lengths of finite CNTs, at 300 K. Error bars are smaller than the size of the 
symbols. 
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Figure 7-4. Radial density distributions of methane in the infinitely long CNT at different fugacities, 
at 300 K. 
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Figure 7-5. Variation of the interfacial resistance with carbon nanotube length at different 
fugacities, at 300 K. Error bars are smaller than the size of the symbols. 
As depicted in Figure 7-5, we note that the interfacial resistance calculated from eqn. (7-10) 
increases with the length of finite CNTs, and appears to approach a constant only at lengths much 
larger than 100 nm. However, the interfacial resistance is intuitively considered as a property of the 
narrow interfaces, which are typically in the thickness of around 2.5 nm observed in our simulations. 
Besides the strong confinement, the smooth carbon wall applies little interference on the diffusion 
of molecules inside the CNT due to its nearly specular surface, leading to rather low Maxwell 
coefficient [41]. Subsequently, under a specific chemical potential gradient, after fluid molecules 
pass through the interface and enter the CNT, the diffusion of the center of mass of fluid is locally 
affected, and this disturbance propagates at the speed of sound and leads to correlations with distant 
molecules located inside the CNT. Since the Maxwell coefficient for methane diffusion in the CNT 
is very low [41], molecules entering the CNT will need a large number of collisions before 
equilibrating locally, presumed to be around 50 collisions here. During this time the correlation 
effect will travel internally in the CNT at the speed of sound. As an approximation, the mean time 
between collisions is  
2
1
2
coll
f CNT T
t
v 
                                                              (7-13) 
and the distance travelled by the sound wave over 50 collisions is 
2
30
2
s
s
f CNT T
v
L
v 
                                                          (7-14) 
where Tv is the thermal velocity of methane at 300 K, take as 558 m/s, and sv is the velocity of 
sound, taken as 1000 m/s, approximating the sound speed of liquid methane [50]. Therefore, as a 
rough approximation, at 5 bar ( CNT =3.37 nm
-3) in the 100 nm finite CNT, the distance travelled by 
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the sound wave is around, 41.24sL  nm before the molecules located at the entrance become 
locally equilibrated. Therefore, the region that the interfacial resistance influences is not limited to 
the typical interfaces, but extends to more than 50 nm inside the CNT, as discovered in our 
simulations at 5 bar and 300 K. To illustrate this correlation effect more specifically, we recast eqn. 
(7-10) into the form below via combining this correlation effect for the entrance and exit of the 
CNT, 
, 0,
0, ,
int int( ) ( ) ( )
crit entry exit
entry crit exit
l l
local
erf erf
l l
R f R r z dz r z dz                                                        (7-15) 
where int
local
erfR denotes the interfacial resistance located within the typical interfaces, in which the 
potential gradient in the axial direction exists, ( )r z denotes the resistivity inside the carbon 
nanotube caused by this correlation effect, which is also a decreasing function of the distance, z, to 
the edges of the CNT. 0l and critl denote the positions where the correlation effect starts and ends, 
respectively. However,
,crit entryl  and ,crit exitl should be identical determined from the EMD simulations, 
in accord with microscopic reversibility [51]. When the 0l and critl are overlapped or very close to 
each other, int int( )
local
erf erfR f R , int ( )erfR f becomes independent of the length of the CNT, this may be 
the case for the diffusion inside a nanopore with diffusive wall, where the collisions between the 
fluid and the wall are diffusive, so that the fluid rapidly loses the carried information. On the other 
hand, when the length of the CNT investigated is longer than the distance, 02 critl l , int ( )erfR f
should also be independent of the length of the CNT, i.e. 
int ( )erfR f ~constant. Apparently, the 
second and third terms in eqn. (7-15) are non-zero for the diffusion of methane through a smooth 
CNT, which serves as the reason for the length dependency of the interfacial resistance.  
In order to demonstrate this correlation effect, we investigated the auto correlation functions of the 
velocity of center of mass of molecules located within the first 3 nm entrance region inside the CNT 
with molecules located in differently distant regions inside the CNTs, with the width of each region 
being 3 nm as well, following 
, ,0
2
,0
( ) (0)
( )
(0)
com i com
i
com
v t v
C t
v
                                                                          (7-16) 
where,
, ( )com iv t denotes the velocity of center of mass (COM-VEL) in the region i , at time t  and  
,0(0)comv denotes the COM-VEL of molecules within the region zero, the first 3 nm entrance area 
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inside the CNT, at time zero. In the 100 nm finite CNT, we investigated the COM-VACFs for 3 
regions inside the CNT at a fugacity of 5 bar and temperature of 300 K, with the distances of the 
centres of these regions to the entrance of the CNT being 10, 20 and 50 nm. We note that identical 
COM-VACFs will be observed at the exit side of the CNT when we mirror these target regions to 
the other side, as the simulation system in principle is completely symmetric in EMD simulations. 
As depicted in Figure 7-6 (a), noticeable correlations of the COM-VEL are observed between the 
entrance region and the target regions inside the CNT, and the intensity of the correlation decreases 
with the distance from the entrance region (region zero), indicating that the correlation effect is a 
decreasing function of the distance, and will disappear after a critical distance, criticl . In addition, up 
to 1500 ps, the integrals of the COM-VACFs are 0.646, 0.498 and 0.371 for the regions located 10, 
20 and 50 nm away from the entrance. Due to this, the interfacial resistance increases sharply as we 
increase the length from 10 to 30 nm, and increases more weakly when we further increase the 
length, for the fugacities studied in present work, because the COM-VACF is a decreasing function 
of the distance z. Nevertheless, even at the central region of the 100 nm CNT, the correlation effect 
still persists, accounting for the length dependency of the interfacial resistance observed in the 100 
nm CNT at fugacities higher than 0.5 bar.  
On the other hand, it is observed that the interfacial resistance generally increases faster with length 
at higher fugacities, and converges to a constant after 30 nm at the low fugacity, 0.5 bar, depicted in 
Figure 7-5. This is because the collisions of the molecules with the carbon wall become more 
prevalent, having rather small fraction of fluid-fluid collisions at low loadings, the correlation of the 
COM-VEL of molecules in the entrance region with that in a specific distant target region hence 
becomes weaker at lower loadings, which also implies that the correlation effect arising from the 
entrance region disappears in a shorter distance. Figure 7-6 (b) demonstrates the correlation of 
COM-VACFs of molecules in the entrance region with that in the central part of the 30 nm CNT, at 
0.5, 5.0 and 15.0 bar. It is seen that the intensity of the correlation at 0.5 bar is much weaker than 
that at 5 and 15 bar, and the intensity decreases monotonically with fugacity within the fugacity 
range investigated, at 300 K. More specifically, integrating the COM-VACFs to 500 ps, the integral 
values are 0.496, 0.542 and 1.12 respectively, corresponding to the fugacities, 0.5, 5 and 15 bar. As 
a consequence, the interfacial resistance has been fully considered in CNTs longer than 30 nm, and 
no longer increases with further increase in length of the CNT at 0.5 bar. Consequently, the 
interfacial resistance shows slight increasing trend with the length of the CNT at low loadings.  
Note that, the upper limit for the integration of the COM-VACF in the 30 nm CNT has become 
much smaller than that for the 100 nm CNT, i.e. the COM-VACF converges much faster in the 
shorter 30 nm CNT compared to that in the 100 nm CNT. Thus, when molecules pass through the 
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interfaces, the carried transport information will be dissipated more intensely compared to the 
diffusion inside the CNT. To support this, we also calculated the COM-VACFs for the fluid in 
entrance region and the central region inside the infinitely long CNT (50 nm for EMD simulations 
with periodic boundary condition being applied), and found the COM-VACF converged ever 
slower than that in the 100 nm CNT.     
 
Figure 7-6. Auto correlation functions of the velocity of center of mass of molecules located at the 
entrance of the CNT with that (a) in different regions inside the 100 nm CNT, at 5 bar and 300 K, 
and (b) in the central region of the 30 nm CNT, at different fugacities at 300 K.   
7.3.2. NEMD Simulations 
Gravity-driven [34, 35] NEMD simulations were applied to estimate the effective corrected 
diffusivity ( )effoD f  of methane in finite CNTs as a function of the mean fugacity at which the 
NEMD initial configuration is determined. The results from NEMD simulations have been found to 
verify our EMD method very well. To guarantee the reliability of the NEMD simulations it is 
important to ensure the simulations are conducted within the linear response region. As depicted in 
Figure 7-7, as we increase the external force in the 30 nm finite CNT, the fluxes obtained from the 
NEMD simulations increase almost linearly with the external force. It is further confirmed in Figure 
7-7 (b) that the radial density distributions of methane molecules inside the 30 nm CNT averaged 
along the axial direction are nearly identical when we increase the external force from 130.136 10
to 131.36 10 N. Accordingly, the effective corrected diffusivities for the 30 nm finite CNTs 
calculated from eqn. (7-12) are compared with our EMD results and demonstrated in Figure 7-2 (a). 
Note that the minimum external forces 
1
ex B
CNT
f
k T
f L

  ( 0.5f  bar for the mean fugacity of 5 
bar and 1.0f  for the both mean fugacities, 10 and 15 bar) that push the flows into the linear 
response region in our simulations are adopted to determine the fluxes and effective corrected 
diffusivities in the finite CNTs. Additionally, the corrected diffusivities of methane in 10, 50 and 
170 
 
100 nm CNTs, at the mean fugacity of 10 bar are also calculated, and shown in Figure 7-2 (a), with 
the corresponding fugacity drops being 1.0, 1.0 and 5.0 bar respectively. It can be seen that the 
effective diffusivities determined by the NEMD simulations are very close to those determined 
from our EMD method. The reason for the slight larger results determined from the NEMD 
simulations is because there is an extra temperature gradient generated inside the CNT as a result of 
the non-zero net flux. When the fluid enters the CNT, fluid molecules need to release the heat to be 
accommodated inside the CNT, as a consequence of the reduced entropy inside the CNT [48, 52]. 
On the other hand, when the fluid leaves the CNT, extra heat needs to be supplied as the entropy in 
the bulk region is much larger. Therefore, when the external force is increased, and the observed net 
flux increases, it leads to larger amounts of adsorption heat to be released at the entrance and 
desorption heat to be required at the exit per unit time. However, as we treat the CNT as rigid and 
apply the thermostat with uniform strength (100 fs for the dump coefficient used in bulk reservoirs 
and inside the CNT) to maintain the temperature of the whole system nearly constant, the generated 
heat at the entrance and consumed heat at the exit cannot be removed or supplied efficiently, 
particularly when the heat release/supply rate is lower than the generation/consumption rate at the 
entrance/exit. In this case, a temperature gradient is induced inside the CNT, providing an extra 
driving force for the fluid flowing through the CNT and consequently leading to an enhanced 
effective diffusivity. Note that although the diffusion largely occurs in the interfacial region and 
inside the CNT, the temperature difference between the interfaces and the bulk reservoirs should 
provide as an extra resistance that could be correlated into the overall resistance, which nevertheless 
cannot overshadow the enhancement in the diffusion of methane through the CNT, contributed by 
the temperature gradient inside the CNT. Figure 7-8 illustrates the enhanced temperature gradient 
inside the 30 nm finite CNT at a mean fugacity of 10 bar for the different external forces. 
Additionally, in Figures 7-9 (a)-(c) we also show the increased effective corrected diffusivity eff
oD  
inside the 10, 30 and 100 nm finite CNT at a mean fugacity of 10 bar as we increase the external 
force (net flux).   
One can expect that treating the CNT as flexible will be helpful to eliminate the temperature 
gradient, however this may not be the case for high fluxes, for which the adsorption/desorption heat 
is generated/consumed even faster than the heat removal/supply rate provided by the thermostat. 
Alternatively, local strengthened thermostats are required to be applied on the fluid directly to 
maintain the thermal temperatures at the entrance and exit constant, eliminating the resulted 
temperature gradient inside the CNT. However it is difficult to guarantee the statistics, as the 
streaming velocity must be deducted when thermostating the temperature. For a very small region it 
is impossible to get satisfactory averaged streaming velocity at each simulation step. Moreover, the 
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potential energy changes steeply at the interfaces, hence the adsorption/desorption heat changes 
dramatically with the position at the interfaces. Consequently, multiple local thermostats with 
different strengths are required within such small interfacial regions to thermostat the temperature 
properly, while introducing larger statistic errors. The quantitative estimation of the relationship 
between the temperature gradient and the external force inside the rigid and flexible finite CNTs is 
an intriguing and practical issue, which however is out of the scope of the current research. Further, 
the accurate estimation of the enhancement effect of the temperature gradient on the diffusion of 
gas fluid through the finite CNTs of different lengths in the presence of interfacial barriers is also an 
important research subject, as the correlated mass and heat fluxes will in turn affect the interfacial 
barriers for the specific gas fluid [43]. 
  
Figure 7-7. (a) Linear variation of the fluxes of methane with the external force, in the 30 nm finite 
CNT, at different mean fugacities, at 300 K and (b) the radial density distributions of methane in the 
30 nm finite CNT at the mean fugacity of 10 bar and 300 K under different external forces.   
 
 
Figure 7-8. Temperature distribution in a 30 nm finite CNT for different external forces, at a mean 
fugacity of 10 bar and 300 K. The positions 10 and 40 nm are the entrance and exit of the CNT. 
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Figure 7-9. Variation of the effective corrected diffusivity eff
oD with the external force in different 
lengths of finite CNTs, (a) 10 nm CNT, (b) 30 nm CNT and (c) 100 nm CNT, at 10 bar and 300 K.  
Eventually, it is necessary to demonstrate that the effective corrected diffusivity estimated from our 
NEMD simulations has completely considered the interfacial resistance and the intracrystalline 
resistance. One technique considered here is to apply the same amount of overall external force on 
the system, regardless of the region in which this overall force is applied, for which the resulted 
fluxes should be identical. Accordingly, when we apply an external force CNT
ex inside the CNT, the 
corresponding external force that could be applied in the whole system can be simply determined by
 sys CNTex ex CNT sysN N   , where CNTN is the ensemble averaged number of molecules inside the CNT 
determined from the NEMD simulations and 
sysN is the number of molecules in the whole system 
which is determined by the initial configuration arising from GCMC simulations. We therefore 
investigated the fluxes of methane driven by these two different external forces, CNT
ex and
sys
ex in the 
10, 30, 50 and 100 nm finite CNTs at a fixed mean fugacity of 10 bar and temperature of 300 K. 
The equivalent fugacity drop corresponding to CNTex is 5 bar for all the lengths studied. Note that 
when we change the external force from CNTex to
sys
ex , the overall external force 
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CNT sys
ex CNT ex sys exF N N     is constant. Nevertheless, as we extend the external force to bulk region, 
it is more convenient to estimate the overall resistance using the flow rate, as the cross-sectional 
area changes, following bulk bulk CNT CNTJ j A j A  . In this regard, we can equate the flow rate to the 
overall external force by defining the new resistance following:  
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                                             (7-17) 
Therefore, it is straightforward to conclude that the resistance calculated with applied force only 
inside the CNT is equal to the overall resistance when the flow rates are equal, i.e. 1 2J J , and that 
the total resistance is only a function of the mean fugacity and the temperature. This actually 
emphasises the fact that a fixed pressure drop between two bulk reservoirs could be equally treated 
as an effective pressure drop inside the CNT, and results in an effective corrected/transport 
diffusivity inside the CNT accounting for the combined interfacial and intracrystalline resistances. 
More specifically, we can recast the eqn. (7-17-b) into: 
,
CNT
ex CNT CNT CNT
CNT new
CNT CNT
A L
R
j A

                                                         (7-18) 
Recalling eqn. (7-12), and using ,
CNT eff
ex CNT o sys BD k T to substitute for the flux CNTj in eqn. (7-17), we 
obtain 
,
,
1 CNT
CNT new eff
o sys
L
R
D
                                                                            (7-19)  
where  is equal to 1/ Bk T , and Bk is the Boltzman constant and T is the temperature. Recalling eqn. 
(7-9), we can establish the connection between the overall resistances defined based on the flux and 
on the flow rate, following  
,tot CNT new
CNT
f
R R


                                                                  (7-20) 
Therefore, it is clear that the overall resitance calculated using the effective corrected diffusivity has 
fully considered contributions from the interfaces and the incrystalline channel, as the coefficient 
CNT
f

is a constant at the specific fugaity and temperature in a specific CNT. The resulted fluxes 
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inside the CNT are observed to be almost identical when we change the way the external force is 
applied, as demonstrated in Figure 7-10. It is worth to point out for different lengths investigated at 
10 bar, the ratios of the number of molecules inside the CNT to that in the whole system are 0.348, 
0.617, 0.732 and 0.836 respectively for the 10, 30, 50, and 100 nm finite CNTs, so that the equality 
of the fluxes is not a result of the similarity between the values of CNT
ex and
sys
ex . 
 
Figure 7-10. Fluxes of methane driven by the external forces applied in the CNT and on whole 
system, for different lengths of finite CNTs at 10 bar, 300 K. All the error bars are smaller than the 
size of the symbols. 
While the effective corrected diffusivities determined from the EMD and NEMD simulations match 
each other well, it is safe to conclude that the effective corrected diffusivity ,
eff
o sysD  determined from 
our novel EMD method has also considered both of the interfacial and intracrystalline resistances 
completely. However, as seen from Figure 7-1 (b), the potential energy gradient persists in the 
typical interface of 1.5 nm from the CNT entrance, and as long as there is a potential energy 
gradient, there will be a thermal resistance in place and the chemical potential gradient hence could 
be applied within this 1.5 nm interfacial region. Consequently, it is justified to extend the driving 
force region to include these interfaces and calculate a new effective corrected diffusivity to account 
for the overall resistance. In this case, the measured new effective resistance has explicitly 
considered the interfacial and intracrystalline resistance, since there is no resistance at all in the bulk 
regions excluding the typical interfaces. The calculation of the new effective resistance follows 
int
,int
int ,int
( )
( ) ( )
erf
tot erf
erf o erf
L f
R f
f D f
                                           (7-21) 
where int erf CNTL L +3 nm, to include the interfaces considered, int erf is the ensemble averaged 
number density estimated by int interf bulk erfN A L , with int erfN  and bulkA being the ensemble averaged 
number of molecules in this extended region and the cross-sectional area of the bulk reservoirs. 
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Accordingly, ,int ( )o erfD f is the effective corrected diffusivity for the new rectangle driving force 
region. Note that the cross-sectional area changes from CNTA to bulkA when we extend the force 
resource region from inside the CNT to the bulk region. Based on the definition of the overall 
resistance ,intbulk tot erfj f R  , CNT totj f R   and the mass conservation law, bulk bulk CNT CNTj A j A , 
we get  
,int
CNT
tot tot erf
bulk
A
R R
A
                                                                    (7-22) 
The interfacial resistances determined using eqn. (7-22) and (7-9) are essentially overlapped with 
the results in Figure 7-5, confirming the effective corrected diffusivity determined inside the CNT 
has fully considered the contributions from the interfacial and the intracrystalline resistances.  
7.4. Conclusions 
A novel EMD simulation method is proposed and employed in the present work to study the 
transport diffusion of methane in the finite (10, 10) CNTs, while considering the interfacial barriers 
and in the infinitely long CNT in the absence of interfacial barriers. The EMD results are confirmed 
by the gravity-driven NEMD simulations [34, 35]. Compared to the diffusion in the infinitely long 
CNT, methane diffuses much slower in the finite CNTs, 2~3 orders of magnitude lower than that in 
the infinitely long CNT, as a consequence of the dominant effect of the interfacial resistance. In 
addition, the transport diffusivity of methane in the finite CNTs is found to be an increasing 
function of the length of the finite CNT, because the contribution from the diffusion inside the CNT 
to the overall diffusion process becomes more prevalent in CNTs with larger lengths. After 
quantitatively calculating the interfacial resistances for the finite CNTs for lengths ranging from 10 
to 100 nm, it is further demonstrated that up to 100 nm, the interfacial resistance is completely 
dominant over the intracrystalline resistance, over the entire pressure range investigated at 300 K. 
Even more interesting is that the length dependency is also observed for the interfacial resistance in 
the finite short CNTs. Due to the correlation of the diffusion of methane at the interface with that 
inside the CNT, the interfacial regions extend themselves to distances exceeding more 50 nm inside 
the CNT. Further, it is found that a temperature gradient always persists in the NEMD simulations 
as a consequence of the non-zero net flux inside the CNT. This intrinsic drawback of NEDM 
simulations leads the NEMD simulations to generate larger transport diffusivities for methane in the 
finite CNTs in the presence interfaces, with respect to our EMD method. However, since the 
derivation for our EMD simulation method makes no assumptions, and is not dependent on any 
specific material, it is readily applied to any system for quantitative estimation of the interfacial 
resistance and the calculation of the effective transport diffusivity. 
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8 Conclusions and Perspectives 
8.1. Conclusions 
This thesis has provided fundamental knowledge of the adsorptive separation of CO2 from flue gas 
and natural gas in carbon nanotubes (CNTs) and conventional amorphous carbons, including the 
silicon carbide derived carbon (SiC-DC) [1] and the activated carbon fiber (ACF-15) [2], 
considering the impact of moisture. Practically, the CNT having the optimized diameter has shown 
to possess significantly superior performance in separating CO2 from flue and natural gases, with 
respect to the conventional activated carbons SiC-DC and ACF-15. Nevertheless, while the 
transport diffusion of light gases in infinitely long CNTs is generally reported to be extremely fast 
[3, 4], it is found here that the transport diffusivities of methane in the short finite CNTs in the 
presence of interfacial barriers are generally 2~3 orders of magnitude lower than those in infinitely 
long CNTs. Thus, the design and fabrication of CNT based membranes requires explicit 
understanding of the role of the interfacial barriers in determining the transport diffusion of fluid 
through the membranes. A generalized equilibrium molecular dynamic simulation (EMD) method 
proposed in this study has been validated to be accurate and efficient for estimating the interfacial 
resistance for the diffusion of light gases, such as the carbon dioxide, methane and nitrogen through 
CNT based membranes. This method is also applicable to membranes based on other nanoporous 
material including the metal organic frames (MOFs) [5], zeolites [6] and amorphous carbons [1, 2]. 
Therefore, this study has made crucial contributions to the development of the gas separation 
techniques and the design and fabrication of nanoporous material membranes.  
8.2. Perspectives 
This study is largely focused on the potential of CNTs in separating CO2 from flue gas and natural 
gas relative to the conventional amorphous carbons, SiC-DC and ACF-15. However, while the 
adsorption of gas mixtures in the pristine CNTs has been investigated here, the heterogeneity in the 
surface chemistry of the adsorbent plays an important role in determining the adsorption and 
selectivity of CO2 [7-12]. It is therefore of crucial significance to study the effect of surface 
chemistry including the vacancies, dopants, functionalization groups and topological defects on the 
carbon wall [10, 11, 13, 14] on the separation of CO2 from flue/natural gas. In addition, changing 
the surface chemistry of the CNT will introduce new “active sites” to enhance the adsorption 
capacity and the selectivity for CO2, as well as the adsorption of H2O [12, 15]. In this connection, 
the effect of water on the separation of CO2 from flue gas and natural gas will become important, 
which leads to the future study to be more practical and intriguing. 
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As indicated by previous studies, the interaction exerted by the carbon structure on gas molecules is 
generally mild compared with zeolites and MOFs, leading to moderate adsorption capacities and 
selectivities of CO2/N2 and CO2/CH4 mixtures in carbon structures at low pressures and ambient 
temperature [16-18]. However, varying the surface chemistry of the carbon structure by introducing 
potential “active sites”, such as the functional groups [19, 20] and dopants [13], could enhance the 
interactions of sorbates with the carbon wall, and subsequently facilitate the performance of carbons 
in separating CO2 from gas mixtures. Further, due to the finely-tuneable pore size distribution, the 
adsorbate-adsorbent interactions could be enhanced and the molecular sieve effect could be 
achieved easier in activated carbons by narrowing the size of the nanopores, which gives intrinsic 
advantage for activated carbons regarding the practice of separating CO2 [21]. Subsequently, while 
the adsorbate-adsorbent interactions could be enhanced by tuning the pore size distribution in the 
carbon structures, the additional extra “active sites” will act like the cations in the zeolites and open 
metal ion sites in the MOFs. In this case, a generalized study to demonstrate the performance of 
CNTs compared to the MOFs, zeolites and zeolitic imidazolate frameworks (ZIFs) [22] in terms of 
CO2 separation from gas mixtures is also necessary and of great practical significance.   
Apart from the perspective view of adsorption of gas mixtures in the CNTs, the effect of water on 
the transport diffusion of light gases in the CNTs is yet unknown, which in practice is rather 
important to the performance of CNT based membranes in gas separation under humid environment. 
It is well known both the diffusions of the liquid water and the light gases including CO2, CH4 and 
N2 are superfast in the CNTs at the lengths scale of micrometers [3, 23]. However, when water is 
presented as a vapor component in the gas mixture and driven into the CNT to form clusters [24], 
the coupled diffusion of water clusters and other gas components in the CNT is interesting, and also 
of practical significance. This coupled diffusion process is expected to deviate from the diffusions 
of pure liquid water and pure gas sorbates dramatically, as water may diffuse in the form of clusters 
with other sorbates being adsorbed around the water clusters.  
Following the idea of investigation of the coupled diffusion of water clusters and gas components in 
the CNTs in the absence of interfacial barriers, the interfacial resistance for water entering and 
leaving the short finite CNT is further expected to show novel phenomena. When two hydrogen-
bonded water molecules enter the CNT, these two molecules either enter in the unified form or 
individually by breaking the strong hydrogen bonding [25]. These two different entering models 
will generate different interfacial resistances for the water molecules. Moreover, the correlated 
thermal motion of water molecules with other gas components will lead to the diffusion process 
being more complicated and intriguing. Nevertheless, the real question arising here is that there are 
no efficient methods or techniques to investigate the interfacial barriers for the mixtures at the 
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interfaces of nanoporous materials, particularly when the sorbate-sorbate interplay is very strong 
compared to the adsorbate-adsorbent interplay.  Therefore, it will become a fundamental step of my 
future research to develop a new EMD method based on the Generalized Maxwell-Stefan diffusion 
model [6, 26] and the EMD method tackling the interfacial barriers for the single component 
proposed in this study.  With this effort, the diffusion of gas mixtures through ultra-thin membranes 
can be well understood and predicted by molecular simulations.   
Subsequently, it is possible to extend and test the new EMD method for the diffusion of gas 
mixtures in a variety of nanoporous materials, like amorphous carbons, MOFs, and zeolites which 
possess enhanced complexity in the structures compared to CNTs. In addition, the effect of surface 
chemistry of the intracrystalline structure on the interfacial barriers is of interest, as it could either 
reduce or enhance the relative importance of the interfacial resistance, collectively accounting for 
the pristine entrance and exit interfacial barriers to the overall diffusion resistance. Finally, properly 
functionalizing the boundary layer of the nanoporous material to tune the interfacial resistance for 
specific sorbates has the potential to dramatically enhance the selectivity for the target sorbate, i.e. 
enhance the interfacial resistance for the unwanted species while reducing the interfacial resistance 
for the target species [27, 28].   
Indeed, apart from applying our EMD method to gas separation, it also has great potential in 
estimating the performance of CNT based membranes in desalination. Explicitly evaluating the 
interfacial resistances for the liquid water molecules and ions, such as the Cl- and Na+ at the 
membrane boundary could provide a deeper understanding about how the membrane rejects the 
ions while allowing water molecules to pass through [29, 30]. Besides, the interfacial resistance for 
liquids, particularly water, is expected to deviate from that for gaseous sorbates significantly, due to 
the enhanced hydrodynamic resistance and reduced thermal resistance for the liquid at the interfaces 
compared to the gaseous sorbates. It has also been indicated by previous studies, liquid water enters 
the hydrophobic carbon nanotubes spontaneously [25, 31], because there exists large fluctuations of 
the hydrogen bonding in the bulk phase, and those isolated water molecules originates from the 
break of the hydrogen bodings at the interfacial boundary will be sucked into the CNT by the water 
molecules inside the CNT which possess more stable hydrogen bonding with neighbouring 
molecules due to the strong confinement from the CNT. Therefore, it is interesting to evaluate the 
interfacial resistance for liquid water in narrow CNTs, and probably in other nanoporous materials. 
Meanwhile, we can demonstrate the difference between the interfacial resistances for the liquid and 
the gaseous sorbates.  
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As indicated in Chapter 7, the non-zero net flux generated in the non-equilibrium molecular 
dynamics simulations (NEMD) induces a temperature gradient inside the CNT. Therefore, the 
quantitative estimation of the interfacial resistance by coupling the heat and mass flows inside the 
CNT requires a novel NEMD method to be developed. This will be a key step in future research. 
Accomplishing this method, could further benefit the design and fabrication of CNT based 
membranes.  
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